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Abstract 
Homogeneous seed size and shape irregularities in batch crystallisation processes lead to variations 
in the crystal size distribution and crystal shape of active pharmaceutical ingredients (APIs). 
This thesis presents an extensive study into the tailoring of heterogeneous seeds to obtain 
reproducible mean crystal sizes and narrow crystal size distribution characteristics of the model 
product API paracetamol.  Model heterogeneous seeds are primarily silica, and secondary seeds are 
zinc oxide and titanium dioxide.  Synthesised silica seeds prepared according to the Stӧber protocol 
were compared with purchased manufactured silica seeds.  Characterisation techniques including 
light scattering, nitrogen sorption and zeta potential amongst others were used to confirm the 
physical and chemical characteristics of the heterogeneous seeds. 
Monodispersed product crystal size distribution was achieved with the purchased silica seeds 7nm to 
1µm; with the microporous synthesised silica seeds; with the functionalised seeds and with the 
Janus functionalised seeds.  All comparisons were made with respect to an unseeded control batch. 
The synthesised mesoporous silica seeds when used at loads greater than 0.50wt.% resulted in 
broad crystal size distributions.  The synthesised mesoporous silica seeds demonstrate that when a 
broad pore size distribution is present, a detrimental effect on crystal size distribution control 
occurs.  The synthesised microporous heterogeneous seeds with pore sizes less than 2nm lead to the 
greatest reduction in the mean crystal size out of all the silica seeds. 
Monodispersity of the crystal size distribution is shown to be independent of the functionality of the 
seeds investigated.  The amine, methyl and fluoro functionalised seeds facilitate the growth of 
monodispersed product batch sizes with mean crystal sizes in the range of 92-200µm.  A “cut-off” 
fluoro functionalised seed size was observed at 1µm; where mean crystal sizes larger than 210µm 
were obtained.  Here the competition between the paracetamol solute adsorption and electrostatic 
repulsions of the seed functionality is related to the product mean crystal size. 
An elongation of the primary paracetamol crystals was achieved with the synthesised mesoporous 
silica seeds, the methyl functionalised seeds and also with the commercially manufactured titanium 
dioxide seeds.  Crystal growth inhibitions parallel to the pore width is one explanation for the effects 
of the mesoporous seeds. 
Significant agglomeration of the product crystals resulted from seed loads in the excess of 1.00wt.% 
of the purchased silica seeds, the synthesised mesoporous seeds, the fluoro functionalised seeds 
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and in the presence of the synthesised zinc oxide seeds.  These findings suggest that the seed 
hydrophilicity or the electronegativity exacerbate the agglomeration prone compound. 
Solution profile control close to the solubility curve was achieved with the synthesised mesoporous 
silica seeds and 0.50wt.% titanium dioxide seeds.  The significance of the effect of hydrophobicity 
and local cluster entrapment of the heterogeneous seeds is investigated.  
In conclusion, the heterogeneous seed physical and chemical characteristics are found to play a 
similar role in determining the product mean crystal size, size distribution and crystal shape 
characteristics from batch crystallisation processes.  The findings provide a framework for identifying 
potential key seed properties that can improve the quality and efficiency of batch crystallisation 
processes of APIs. 
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Nomenclature 
a   Molecular unit (dimensionless) 
Am   Molecular cross sectional area of the adsorbate (m
2) 
An   A constant in the rate of nucleation (dimensionless) 
C   A gas constant from the minimum energy of adsorption (dimensionless) 
d   Distance between crystal planes (m) 
Dp   Diameter of seed (m) 
Do   Diffusion coefficient (m
2.s-1) 
E1   Minimum energy of heat of adsorption for first layer of adsorbate (J.mol
-1) 
EL   Heat of liquefaction of adsorbate (J.mol
-1) 
Ga   Activation energy barrier (J.mol
-1) 
ΔG   Gibbs free energy change (J.mol-1) 
ΔGHet.   Gibbs free energy change for heterogeneous conditions (J.mol
-1) 
ΔGHom.   Gibbs free energy change for homogeneous conditions (J.mol
-1) 
ΔGC   Translational free energy (J.mol
-1) 
ΔGE   Rotational free energy (J.mol
-1) 
ΔGV   Free energy change per unit volume (J.mol
-1) 
(hkl)   Miler index (dimensionless) 
J   Rate of nucleation (nuclei.m3.s-1) 
K   Boltzmann constant (1.381x10-23 J.K-1) 
n   Number of molecules in a cluster (dimensionless) 
N   Avogadro constant (6.02 x 1023 molecules per mole) 
N1   Number of molecules in the solution (dimensionless) 
M   Molecular weight of the adsorbate (kg) 
P   The adsorbate gas pressure (Pa) 
Po   Saturation gas pressure of adsorbate (Pa) 
r   Radius of spherical cluster (m) 
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r*   Critical radius of spherical cluster (m) 
R   Universal gas constant (8.314J.K-1mol-1) 
Rseed   Radius of seed (m) 
T   Absolute temperature (K) 
Vm   Molar volume of nucleus (m
3) 
Vn   Volume of a spherical cluster (m
3) 
VO   Frequency of collisions of the molecules in the solution (collisions.s
-1) 
W   Work done to form a cluster of molecules (J) 
WHom   Work done to form a cluster of molecules in homogeneous conditions (J) 
X   Number of molecules in an incompleted monolayer (dimensionless) 
Xa   Moles in adsorbed gas in a monolayer (moles) 
Xm   The number of molecules in the completed monolayer (dimensionless) 
Φ   Total surface energy of a cluster (J.m-2) 
σ   Supersaturation ratio (dimensionless) 
λ   Wavelength (m) 
ʃθ   Volmer function of wetting (dimensionless) 
θw   Equilibrium contact angle (˚) 
µ   Chemical potential (J.mol-1) 
µV   Viscosity (kg.s
-1.m-1) 
    Surface energy (J.m-2) 
 
Abbreviations 
AE    Auger electrons 
API    Active pharmaceutical ingredient 
BET    Brunauer-Emmett-Teller 
BJH    Barrett-Joyner-Halenda 
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BSE    Backscattered electrons 
CIT    Crystallisation induction time 
CNT    Classical nucleation theory 
CSD    Crystal size distribution 
CTAB    Cetyltrimethylammonium bromide 
DLVO    Derjaguin-Landau- Verwey-Overbeek theory 
DNC    Direct nucleation control 
FBRM    Focused beam reflectance measurement 
FDA    Food and Drug Administration (US) 
HSAMESO   High surface area mesoporous seeds 
HSAMICRO   High surface area microporous seeds 
HSAMESOSMALL  High surface area mesoporous small seeds 
HSAMICROBIMOD  High surface area microporous bimodal seeds 
LSAMESO   Low surface area mesoporous seeds 
LSAMESOBIMOD  Low surface area mesoporous bimodal seeds 
MSZW    Metastable zone width 
SE    Secondary electrons 
SEM    Scanning electron microscopy 
TEM    Transmission electron microscopy 
TEOS    Tetraethylorthosilicate 
XRD    X-ray diffraction  
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1 Introduction 
1.1 An Introduction to the Research Problem 
Pharmaceutical batch crystallisation takes place to produce uniform, high quality, and pure active 
pharmaceutical ingredient (API) crystals with defined crystal size distributions (Gutwald and 
Mersmann, 1990).  Crystallisation produces products that often require physical manipulation to 
enhance the physical properties according to the manufacturing specification.  The consistent 
control of the critical quality attributes of the API crystals is paramount to manufacturing drug 
products that reliably deliver the required bioavailability to patients (O'Sullivan et al., 2012).  This is 
particularly true for inhaled or ingested drug products with a high API content. However, achieving 
acceptable levels of consistency is a challenge and API batch to batch variations at manufacturing 
scales are not rare.  
Operational inconsistencies can occur along any of the many unit operations following batch 
crystallisation. These unit operations include washing, filtration and drying steps (Lee and Myerson, 
2006, O'Sullivan et al., 2012), as seen in Figure 1.  Inconsistent times in washing steps, for example, 
facilitate agglomeration of the crystals, which may lead to higher excipient blending loads or longer 
milling operations to achieve the desired crystal size.  Each API requires specific unit operation 
conditions to achieve the required crystal size distribution and to sustain a constant crystal 
morphology (Lee and Myerson, 2006). 
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Figure 1: A schematic of a batch crystallisation process including primary (first line), and secondary (second line) unit 
operations.   
Batch crystallisation processes account for 65% of crystallising systems (Kubota et al., 2002); and are 
predominantly used in the food and drink, agricultural and in the pharmaceutical industries.  
Because of the high added value of the crystalline products in these industries, these processes are 
designed and scaled up to be operated within acceptable ranges.  Sometimes these ranges are not 
wide enough and slight variations in the process can significantly affect the APIs.  The product crystal 
irregularities such as the crystal size distribution, crystal morphology and bulk powder density, can 
affect the bioavailability of the product, and will affect the operating efficiencies of filtration and 
flowability (Docherty et al., 1991).   
Historically the control of the crystal characteristics such as the crystal surface area or mean size is 
approached from the dependency on the supersaturation generation rate in batch crystallisation 
(Kubota et al., 2002).  Supersaturation generation of the solution is industrially conducted through 
the cooling rate of the solution, evaporation of the solvent, anti-solvent addition, co-crystallisation 
or through the addition of soluble additives (Yokota et al., 1999, Beckmann et al., 1998, Bernstein, 
2002).  The presence of additives and impurities in APIs is stringently regulated by the US Food and 
Drug Administration (FDA).   
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The morphology of the crystalline API is of significant importance in the enhancement of 
pharmaceutical crystal products; the increase in the surface area of the product API may enhance 
the dissolution rate.  The interaction of the solute with the solvent, the concentration of the 
solution, or the adsorption of impurities on the crystal face can result in significant effects on the 
crystal morphology (Lahav and Leiserowitz, 1993), without affecting the polymorph obtained.  
Polymorphs are different molecular arrangements of the same chemical compound.  The 
aforementioned conditions determine the growth kinetics of a particular facet leading to changes in 
the crystal habit (Brice, 1965).  Kinetic growth control factors include crystal defects, and surface 
roughening amongst others (Ring, 1991).  Equant or prismatic API crystals are favourable for 
flowability and secondary processes such as filtration (Lee and Myerson, 2006).  Non-uniform 
shaped crystals impede the passing of the solvent around the crystal bodies, thus prolonging the 
filtration operation, and risking dissolution of the crystals. Furthermore needle shaped crystals can 
cause bridging within the hopper (Tiwary, 2001) , leading to increased operational downtime.   
Therefore control of the crystal product API morphology requires enhancement during the 
crystallisation process from nucleation to crystal growth to ensure that the desired morphology and 
polymorphic form is obtained.  It is often encountered in the pharmaceutical industry that during 
the preparation and crystallisation of a compound, more than one crystal form is obtained, and even 
that one form may disappear  (Bauer et al., 2001), which can lead to detrimental effects on both the 
company and the industry; Ritonavir for example.  This is explained most clearly by the Rule of 
Stages by Ostwald, where when a chemical system is in a state of instability, the system will tend to 
change into the form which requires the least amount of energy for transformation, yet this may not 
be the most thermodynamically stable form (Jones, 2002).  Thus for crystals this may result in a 
metastable or polymorphic form forming, as opposed to the most stable crystal form.  The different 
polymorphic forms may, due to their different chemical arrangements, exhibit different effects on 
the bioavailability (Chen et al., 2011). Naturally it is of great importance that the desired 
polymorphic form of the API is present in the administered drug product, and this is usually the most 
stable form.   
Another industrially compliant method of crystal characteristic control is via seeding.  Seeding is the 
use of an intentionally added solid phase to the supersaturated solution.  Industrial seeding 
approaches use crystal seeds of the same chemical compound and form but with a smaller size to 
grow in the supersaturated solution to the desired crystal size (O'Sullivan et al., 2012).  Crystal seeds 
are sourced from the product batch of an optimal process.  However for the optimum seed to be 
obtained, an optimum batch process has to have been operated.  Problems concerning crystal seeds 
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include stability and charging, in addition to often very high seed loading levels close to 10wt.% to 
achieve the required available surface area (Aamir et al., 2010).  As with many processes, trial and 
error or iterative methods are conducted prior to optimisation; such processes decrease operational 
efficiencies.   
Alternatively the seed may possess different physical and chemical characteristics to the final crystal 
product, known as heterogeneous seeding.  While crystal seeds are commonly used in the 
pharmaceutical industry process, heterogeneous seeds are of increasing interest.  Thanks to the 
extensive work carried out on the use of soluble additives in batch crystallisation of APIs for size and 
morphological control by  Clydesdale et al. (1994b), Prasad et al. (2001), Ristic et al. (2001) and many 
others, an appreciative understanding of heterogeneous seeds is propagating the pharmaceutical 
industry.  However there still remain many unknowns to heterogeneous seeding, and this research 
aims to enlighten and inform further on some of the effects of heterogeneous seeds.  
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1.2 Research Hypothesis 
The product crystal size characteristics from batch crystallisation processes, such as the mean crystal 
size, crystal size distribution and crystal morphology, can be controlled and enhanced by 
heterogeneous seed properties (as outlined in Figure 2). 
1.3 Research Objectives 
The general objective of this work is to understand the mechanisms by which heterogeneous seeds 
affect the crystalline product size characteristics, and consequently to design a framework to predict 
the effects of specific insoluble heterogeneous seed characteristics.  In order to validate the research 
hypothesis, this thesis will comprise of the following objectives: 
1. Determine the effects of heterogeneous seeds on the size and shape characteristics of the model 
compound performing batch controlled cooling crystallisation in the presence and absence of 
heterogeneous seeds 
2. Enhance the seeding operation through the metastable zone width for a model compound using 
heterogeneous seeds with engineered physical and chemical properties  
3. Monitor the effects of the heterogeneous seeds on nucleation and crystal growth using turbidity 
indications and by tracking the solution concentration of the model compound. 
4. To determine if the heterogeneous seeds can control the polymorphic form of the model 
compound. 
 
Figure 2: Project deliverables with the four main heterogeneous seed properties (left hand side box) and the product 
crystal characteristics (right hand side box)  
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Table 1: A route mapping table of the thesis research objectives by chapter 
Heterogeneous Seeds  Seed Property Details Thesis Chapters Start page No. 
Manufactured SiO2 Size comparisons 5.1 133 
Synthesised SiO2 Porosity comparisons 5.3 155 
Synthesised SiO2 Seed shape comparisons 5.9 209 
Functionalised SiO2 Chemistry comparisons 6 222 
Janus Functionalised SiO2 Dual chemistry comparisons 6.6 261 
Synthesised ZnO  Hamaker constant differences 7 276 
Manufactured TiO2 Hamaker constant differences 7.3 289 
 
The following chapters shall proceed as thus; a background theory into nucleation and crystal 
growth shall be explained, followed by the effects of intermolecular interactions of particles.  Then 
the designs of a seeding strategy for the batch crystallisation of the model compound shall be 
outlined, based on industrial seeding approaches in the literature.  The materials for the synthesis of 
the heterogeneous seeds and the methods of characterisation shall be discussed and followed by a 
preliminary study on the chosen model API compound.  The heterogeneous seed investigations are 
separated chapter by chapter based on the seed properties, as shown in Table 1. 
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2. Background Theory 
The benefits of optimised crystallisation processes are such that the enhancements translate into 
economic efficiencies for the manufacturer.  The final crystal product characteristics which thus 
entail from optimised separation processes such as improved compressibility, flowability, drying,  
and tableting, directly impact the overall manufacturing process efficiency such that batch cycle 
times may be significantly reduced.  The bottleneck in batch crystallisation separation process lies in 
the filtration and drying times (O'Sullivan et al., 2012); both of which are strongly influenced by the 
crystal size distribution and crystal morphology.  If the overall separation process is enhanced such 
that additional subsequent unit operations such as milling or the energy intensive wet granulation 
can be omitted, it is considered to be due to controls during the batch crystallisation process.  
Mechanical methods such as milling or wet granulation are used as subsequent unit operations but 
have severe impacts on the final crystal product such as increasing the CSD, reducing the 
morphological uniformity and increasing particulate charging.  Hence the full omission of such 
operations is desirable. 
2.1  Crystallisation Theory 
The performance and operation of batch crystallisation vessels is affected predominantly by the 
solubility of the crystallising entity.  Solubility of a solute in a solvent is determined by the maximum 
amount of the solute that can be held by the solvent at equilibrium at set temperatures and 
pressures (Jones, 2002).  At a given temperature and pressure there is a maximum amount of solute 
that will dissolve in the solute, at this point the solution is said to be saturated (Myerson, 2002).    
This means that the chemical potential of the solute is the same as the chemical potential of the 
species in the solid phase (Myerson, 2002).  The rate generation of supersaturation determines 
when and how the crystals will form, and for such reasons critical attention is paid to 
supersaturation generation.  Supersaturation is defined as the ratio of the solution concentration (c) 
to the equilibrium concentration at a given temperature (c*).  
A system can be described according to the degree of solubility of a solute.  In an undersaturated 
system nucleation and crystal growth are impossible, and crystal dissolution is most probable to 
occur (Jones, 2002, Mullin, 2001).  In a thermodynamically stable system, nucleation is most 
improbable.  A stable system can remain for finite amounts of time, so long as the required energy is 
supplied to the system, i.e. temperature and pressure remain constant providing a global minimum 
in the Gibbs free energy. 
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A metastable system is one which is supersaturated and can adjust to minute changes in the 
pressure or temperature.  In a metastable region crystal growth can occur if a crystal is added (Jones, 
2002), see Figure 3.   
A labile system is one that is also supersaturated but unable to accommodate slight changes to 
temperature or pressure.  Every solution has a maximum amount of solute that can be dissolved 
leading to supersaturation before it becomes unstable.  A labile system, in thermodynamic terms, 
must change from the higher (old) energy state to the lower (new) energy state to achieve stability 
(Kaschiev, 2000), and stability can be achieved through the creation of a new phase.  In a solution in 
labile conditions, the bulk phase has a higher free energy state than the new solid phase created and 
the new solution it is in.  It is here in a labile system that nucleation is highly likely to occur, and will 
often occur spontaneously (Jones, 2002).  A labile system is one that is avoided when operating 
batch crystallisation systems due to the lack of nucleation control. 
 
Figure 3: The solubility-supersolubility profile of a solute indicating the three regions: the labile region, the metastable 
zone and the undersaturated region 
It is within the metastable zone width where all controlled crystallisation operations occur (Myerson, 
2002) (see Figure 3), and industrial batch operation processes should occur.  Yet the metastable 
zone width is not always known.  To fully appreciate the control of crystallisation, an understanding 
of the mechanisms must firstly be considered.  The two phases of crystallisation consist of 
nucleation and crystal growth. 
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2.2 Nucleation 
2.2.1 Primary Nucleation 
Nucleation is the creation of a new phase from a bulk phase.  In solutions it is the formation of a 
solid phase from a bulk liquid phase.  Primary nucleation is considered to occur according to the 
classical nucleation theory from the formation of a cluster in a supersaturated solution, which 
eventually attains a critical radius with a maximum free energy, leading to the continual growth of 
the new phase (Garside, 1985).  For the creation of a new phase, energy is required to be 
transformed from the system into the new phase, and this is known as work.   
The work done (W) in order to form a cluster of molecules that may subsequently form a stable 
nucleus is equal to the sum of work required to form the surface of the nucleus, and a certain 
amount of work to form the interior of the particle which releases a quantity of energy on formation 
corresponding to the restriction of the mobility of the molecules, and is thus a negative term (Jancic 
and Grootscholten, 1984).  The work done hence depends on the number of molecules (n), the 
chemical potential of the old phase in solution (µ), and the Gibbs free energy (ΔG) which the cluster 
would have had if it were part of the bulk new phase at that given temperature and pressure 
(Kaschiev, 2000).  The cluster formation represents the thermodynamic potential difference 
between the cluster and the bulk phase (Dhanaraj et al., 2010).  The work for the formation of a 
cluster of molecules under homogeneous conditions is found from: 
     ( )         ( ) 
Equation 1 
Where the work for the formation changes depending on the number of cluster molecules present, 
i.e. n=1, 2, 3... The Gibbs free energy depends on the cluster excess energy, which changes according 
to the system thermodynamic changes such as temperature and pressure, but also depends on the 
total surface energy of the cluster (Φ).  In a solution the cluster of molecules can be considered as 
incompressible, as such the volume occupied by a molecule in the cluster is approximately 
independent of the pressure inside the cluster and is equal to the molecular volume (Kaschiev, 
2000).  Hence the cluster excess energy accounts for three main effects in homogeneous conditions: 
1. The existence of the interface between the cluster and the old phase (change in the 
molecular interactions) 
2. The pressure changes in the volume after the appearance of the cluster (change in the 
molecular interactions) 
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3. The difference in the chemical potential of the molecules in the finite sized cluster and in the 
bulk and ever increasing new phase  
 As a result the excess free energy for homogeneous conditions is largely equal to the cluster total 
surface energy because the relative pressure changes will be minimal and a liquid based cluster is 
considered incompressible.     
Spheres are formations that allow for the lowest surface energy to volume ratio of a body.  
Furthermore a spherical shaped cluster allows for the one dimension, the radius to be used, and 
facilitating the ease of calculating cluster energy (Kaschiev, 2000).   This is because liquids adopt 
shapes that minimise their external surface area to reduce the interfacial contact area.  As such, the 
formation of a sphere allows for the lowest number of molecules to be in contact with the external 
liquid molecules (although recently, contradictory findings to such an assumption have been 
published by Gasser and Weeks (2001)).  The volume of spherical clusters is a function of the radius 
through: 
   
 
 
        Equation 2 
Additionally the total surface energy is a function of the spherical cluster’s radius, and this is 
expressed through the surface area calculation of a sphere: 
        
Equation 3 
Where gamma (γ) is the surface energy, which indicates the expended energy of a material when the 
area is increased per unit (Walton, 1969) .  A combination of the two variables, volume (Vn) and the 
total surface energy ( ) leads to the first approximation for the Gibbs-Thomson relationship for the 
Classical Nucleation Theory (CNT) for the excess free energy (Myerson, 2002). 
         
 
 
               
Equation 4 
The first term in Equation 4 represents the surface contribution, it is the excess free energy between 
the surface of the particle and the bulk of the nucleus being formed (Jancic and Grootscholten, 
1984).  This term is positive as it represents the increase in the bulk fluid energy through the 
formation of an interface between the two phases (Lovette et al., 2008). 
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The second term in Equation 4 represents the volume contribution and is proportional to the cubed 
radius (Richardson, 2002). ΔGv is the free energy change of the transformation per unit volume 
(Jancic and Grootscholten, 1984), it is the chemical potential difference (Δµ) divided by the molar 
volume of the solid nucleus (Vm). 
The final two terms are considered negligible for the first approximation when compared to the 
contributions from the internal energy of the cluster (Walton, 1969); they refer to the rotational 
(ΔGE) and translational effects (ΔGC) of the molecules as the embryo is formed. 
 
Figure 4: Free Energy diagram for critical radius for nucleation (Mullin, 2001) 
During the supersaturation generation of a solution containing molecules, a critical radius size of the 
molecules is required that will allow for them to overcome thermodynamic changes within the 
solution and remain as a new phase within the solution.   
Molecules from the bulk solution arrive constantly at the surface of the subcritical nucleus until the 
number of molecules in the cluster provides the critical radius.  Molecular growth can be described 
through (Nývlt, 1968):   
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With the addition of the molecules to the cluster, the free energy increases until a certain point 
which corresponds to a critical radius, as seen in Figure 4.  At this critical cluster radius size and 
greater, the free energy decreases (Walton, 1969).  The critical radius size and the corresponding 
free energy amount indicate the point beyond which the likelihood of nuclei forming a new phase is 
greater than the probability of clusters of molecules redissolving back into the solution.  The critical 
radius size can be shown to be inversely proportional to the logarithm of the solution 
supersaturation as in Equation 5 if the change in the Gibbs free energy to the change in the critical 
radius is set to zero.  The new solid phase nucleus is more thermodynamically stable; it has a lower 
free energy per unit volume than the old phase. 
    
  
   
  
    
     
 
Equation 5 
As the supersaturation of the solution increases, the CNT theory considers that the critical radius size 
will tend to close to zero. Using Equation 5 with the critical radius with the Gibbs-Thomson 
expression for CNT results in the Gibbs free energy for homogeneous conditions: 
        
       
 
         
 
Equation 6 
The energy barrier that must be achieved is related to the nucleation phase being an activated 
process.  Similar to the energy of activation for a reaction (Arrhenius reaction rate) the potential 
energy changes during the course of the nucleation ‘reaction’.  As such for the basis of 
homogeneous nucleation, the nucleation rate is (Mullin, 2001): 
     
 
       
 
          
Equation 7 
Where J is the rate of nucleation, An is a constant, ɣ is the interfacial energy, Vm is the molar volume 
of the solution, k is the Boltzmann constant, T is the absolute temperature and σ is the 
supersaturation ratio. 
The constant An is dependent on the frequency of collisions of the molecules (vo) between the 
number of molecules (N1) in the solution, and also on the interfacial tension and the activation 
energy barrier (Ga) (Walton, 1969) in the following; 
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Equation 8 
As observed above the homogeneous nucleation rate is a function of the supersaturation, 
temperature and interfacial tension.  These determining factors can thus determine the point at 
which the uncontrolled and spontaneous nucleation can occur in homogeneous conditions. 
2.2.2 Heterogeneous Nucleation 
In the event that a foreign particle is in the solution, a new solid interface is present and 
heterogeneous nucleation occurs.  The Gibbs free energy becomes 
      
  
       
 
         
   
Equation 9 
Whereby, the function θ is known as the Volmer function of wetting. 
Volmer in 1939 suggested that the decrease in the free energy depended on the contact angle of the 
solid phase (Myerson, 2002).  In the Gibbs-Thompson relationship for classical nucleation theory for 
heterogeneous nucleation the dimensionless function theta (θ) represents the effects of wettability 
and nucleation site geometry.  The Volmer function values lie between 0 and 1 which account for an 
incomplete or perfectly unwetted surface ( the actual wetting angle of the cluster (θw) tends to 180˚) 
that is present in homogeneous nucleation and one that is completely wetted (θw tends to 0˚), hence 
a heterogeneous system respectively.   
The Volmer function of wetting is expressed as (Kaschiev, 2000): 
 
 
 ⁄ (  )  (
 
 
) (       )(       )
  
Equation 10 
For homogeneous conditions, no intentionally added solid body is present in the bulk solution, such 
that  
         
     
Where Rseed is the radius of the foreign body in the bulk solution.   
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In the event of an intentionally added heterogeneous seed,  
        
   
 
     
And 
      
    
The rate of nucleation, J, for heterogeneous conditions is  
     
 
       
 
         
 
 
Equation 11 
Since 
      
        
  
And if 
      
    
Then 
         
  
Or 
         
Then for heterogeneous conditions, the rate of nucleation becomes increasingly dependent on the 
pre-exponential constant.  In the event that wetting is not complete, 
          
Then 
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And still 
      
        
  
Because of the reduction in the free energy (barrier) that is provided by the heterogeneous surface 
(predominantly by the Volmer function) leading to an increased rate of nucleation, heterogeneous 
nucleation is more probable in industrial batch processes.  Although greatly desired, the complete 
eradication of dust or colloidal particles is near impossible in liquid industrial processes; a liquid 
cannot be cleaned to the same level of purity as that of a gas. 
The classical nucleation theory despite providing a basis on which nucleation could be understood is 
based on vapour condensation; it does not unfortunately cover all of the assumptions required 
during phase transformation within liquid systems.  A few of the failings of the CNT are briefly 
discussed: 
 Complete wetting of a heterogeneous surface leads to the Gibbs free energy reducing to 
zero 
Since the Volmer function of wetting accounts for the degree of wetting of the surface, in the event 
that wetting is perfect, i.e. θ equals zero, the CNT assumes that the nucleation barrier also tends to 
and equals zero.  In the event that the nucleation barrier tends to zero, there is no minimum 
required energy to be overcome by the pre-nuclei clusters.  This assumption is not wholly true (Sear, 
2007); there will always be a nucleation barrier to be overcome even in the presence of a perfectly 
wetted surface.  The work to be done in the presence of a perfectly wetted surface is in wetting the 
surface.  Due to inhomogenetites on heterogeneous surfaces, the work in wetting a surface will vary 
from heterogeneous seed to seed in addition to the inhomogeneities on the seed surface, leading to 
a distribution of barrier heights to be achieved. 
 Arrangement of crystalline structure assumed from nucleus phase 
The CNT theory assumes that the arrangement of the pre-nuclei clusters determines that of the 
crystalline form, such an assumption is not completely clear (Savage and Dinsmore, 2009).  Recent 
computer simulations such as those shown by Ten Wolde and Frenkel (1997) and others indicate 
complexities to the formation of a nucleus that are not fully encompassed by the CNT.  These 
complexities surround the arrangement of the molecules to a crystalline structure; as a result the 
Two-Step nucleation theory provides additional explanation. 
 The concentrations of all embryo sizes are constant during nucleation 
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As nucleation requires that just one embryo achieves the critical radius size to become a stable 
nucleus, nucleation is extremely probabilistic.  The attachment and detachment of species at various 
times to the embryo may also be accompanied by changes in the density attributed to the species 
(Nývlt et al., 1985). 
2.3 The Two-Step Nucleation Theory 
The Two-Step nucleation theory was firstly suggested in simulation models (Ten Wolde and Frenkel, 
1997), then experimentally demonstrated in the nucleation of protein crystals by authors such as 
Yau and Vekilov (2001), and has thence been adapted for the understanding of nucleation for small 
molecular organic and inorganic compounds (Vekilov, 2010).  The Two-Step theory provides a 
sequential theory to the formation of a nucleus and is used to support the classical nucleation theory 
(CNT), but can equally be used when the CNT is insufficient. 
In the path towards a stable nucleus, there exist two different transitions within the solution: 
concentration changes and structural changes (Kaschiev, 2000).  The concentration changes result 
from the increasing solution supersaturation with decreasing temperatures.  The structural changes 
occur from the arrangement of the clusters within the solution.  The arrangement of the cluster 
molecules within the solution according to their intermolecular interactions are considered to 
eventually assume an orientation similar to that of the unit structure within the crystal lattice 
(Vekilov, 2010).  As the local concentration increases due to increasing supersaturation, and the 
cluster molecules increase in number, the local density of the solution increases.  If the dense liquid 
droplet exhibits temporal stability with respect to the bulk solution, the nucleation of a crystal phase 
occurs within the droplet through the achievement of a crystalline arrangement of the molecules in 
the dense centre of the droplet.  The temporal dense clusters represent the metastable phase which 
has an equal probability of either dissolving back into the bulk dilute solution or due to the 
intermolecular forces between the molecules can become more compact, leading to nucleation.   
The proposed Two-Step nucleation pathway is shown in Figure 5.  It can be therefore assumed that 
nuclei can acquire a crystalline structure before they reach the critical radius; however this 
crystalline structure is transient due to significant internal fluctuations (Zhang and Liu, 2009). 
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Figure 5: The two-step nucleation mechanism proposed by Vekilov involving firstly a density transformation (red circles) 
and then a structural transformation (blue circled spheres) of the pre-critical cluster (Vekilov, 2005) 
Studies on both protein crystallisation and colloidal interactions indicate that the path to a stable 
new phase is better explained with the Two Step theory.  Computer simulations by Ten Wolde and 
Frenkel (1997) suggest that the bulk fluid may contain metastable regions which then lead to the 
crystalline form.  Despite their model being based on homogeneous nucleation for a globular 
protein, Ten Wolde and Frenkel used Monte Carlo simulations to study the lowest free energy path 
to achieve a stable nucleus.  Their work indicates a basis for the Two Step nucleation theory as they 
investigated the development of both the structure of the particles and the local density and 
deduced that on the path to a critical nucleus where the free energy reached a saddle point and 
decreased thereafter, the number of connected particles increased before the number of solid-like 
particles aggregating formed a crystal like body; which all took place near or within a metastable 
region.  Simulations of micron sized polystyrene spheres by Savage and Dinsmore (2009) recently 
suggest that a bi-step mechanism of cluster growth followed by molecular ordering indicates an 
evolution of cluster formation to the crystalline phase both within and outside of a metastable gas-
liquid dual existence region.  The authors confirmed that the nucleation rate was increased by 1-2 
orders of magnitude by entering the metastable region.  However, it is often argued that the 
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formation of this dense liquid cluster is liquid-liquid separation in solutions (Bonnett et al., 2003).  A 
liquid-liquid phase boundary was demonstrated by Bonnett et al. to be located just inside of the 
metastable zone and the labile supersaturated region in a phase diagram (see Figure 3).  They 
argued that a supersaturated solution is prone to liquid-liquid phase separation prior to the onset of 
nucleation, from their work based on an amphiphilic molecule with a relative molecular mass of 
367g/mol (Bonnett et al., 2003).  Liquid-liquid (L-L) phase transistions have been discussed as an 
extension of crystal nucleation at high supersaturations, however L-L separations were found to 
occur for proteins at low temperatures and very low concentrations (Galkin and Vekilov, 2000, 
Galkin et al., 2002).  The nucleation theorem is not considered by Galkin and Vekilov (2000) to apply 
to nucleation below the L-L phase boundary, supporting arguments that the Two-Step theory is 
inconclusive. 
2.4  Secondary Nucleation 
Secondary nucleation occurs due to the close proximity of a nucleus to crystalline material (Mullin, 
2001).  There are three types of secondary nucleation which arise from different sources: apparent, 
contact and true secondary nucleation (Garside, 1985), as shown in Figure 6. 
Apparent and contact secondary nucleation result from the mechanical effects of the process.  
Apparent secondary nucleation includes mechanisms such as macroattrition produced by larger 
crystals colliding and fragmenting into fines within the vessel which then act as seeds for crystal 
growth.  Macroattrition arises from high agitation intensities and prolonged vessel duration periods 
(Nývlt, 1984).  Abrasion of the crystals can also occur, in which small parts of growing crystals such as 
corners are removed due to the mechanical collisions with other crystals. 
Contact nucleation mechanisms such as collision breeding influence the crystal properties, and must 
not be overlooked in industrial batch processes.  In contact nucleation, crystals which have formed 
collide with the impeller, vessel walls and or bottom, leading to broad crystal size distributions and 
non-uniform crystal morphologies (Jones, 2002). It is considered to be the most significant of the 
secondary nucleation mechanisms from mechanical effects (Garside, 1985). 
Apparent and contact secondary nucleation are products of the vessel hydrodynamics and the 
conditions in crystal seeded batch systems.  It can be deduced from the many mechanical effects of 
the process that seeding with crystal seeds can lead to many variations in the product crystal batch.  
Both apparent and contact secondary nucleation can only be controlled with limitations.  For 
example the presence of dried fines on the surfaces of seed crystals must be removed prior to use, 
40 
 
without initiating dissolution of the crystals. Chianese et al. (1993) consider that the most likely 
source of broad CSD in crystal seeded batch crystallisers is from the presence of fines and 
fragmented crystals.  To remedy the effects of fines and fragmented crystals in batch crystallisers, 
process optimisation techniques such as temperature pulse control are used, in which higher 
temperatures are temporarily employed in-situ to dissolve the high surface area fines in the 
solution. 
True secondary nucleation occurs on the surface of macroscopic crystals, which provide a stable and 
chemically identical surface on which smaller than pre-critical size embryos can survive at lower 
supersaturations where primary nucleation is improbable (Garside, 1985).  True secondary 
nucleation can increase the nucleation rate appreciably and this is exhibited by a rapid decrease in 
the solution supersaturation. 
 
Figure 6: A schematic showing the nucleation mechanisms 
2.5 Crystal Growth 
Because nucleation and crystal growth are two crucial and synergistically interlinked phases of the 
crystallisation process, they are highly sensitive to changes in the system conditions.  The use of 
seeds, either homogeneous but especially heterogeneous must be understood in order to even 
partially commence optimising the crystal characteristics.  Most industrial seeding policies are based 
on crystal seeds, however due to the omnipresence of dust particles there is always a risk that 
unintentional particulates may enter into the batch vessel; either prior to the solution entering or 
post charging of the vessel, foreign particles are ever present. 
Subsequent to the achievement of the critical radius, a new solid phase is formed and crystal growth 
commences.  Sunagawa (2005) states that “crystal growth is the process of the birth and 
development of a solid phase with a regular structure out of a disordered and irregular state”.  
Crystals can be described as materials that exhibit an ordered lattice of atoms or molecules that 
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possess long-range order in three dimensions (Myerson, 2002).  The development of the ordered 
lattice is driven by changes in the system pressure or temperature. 
Crystal growth proceeds by the addition of mobile ions, atoms or clusters of atoms or molecules to 
the surface of a crystal lattice, where they are incorporated into the lattice (Myerson, 2002).  The 
process of crystal growth follows mechanisms which can be classed into two main processes, 
transport and diffusion: 
a) Close to the interface transport of the mobile atoms or molecules is limited to molecular 
addition through a diffusion boundary layer that surrounds the growing crystal.  This 
boundary layer becomes the rate determining step for crystal growth; the greater (thicker) 
the boundary, the longer it will take for the atoms or molecules to diffuse across to reach 
the crystal lattice.   
b) Once they have reached the surface the atoms or molecules undergo surface diffusion and 
surface incorporation, whereby the particle moves across the surface and bonds between 
the solute and the solvent are broken (endothermic) and bonds between the solute and the 
surface molecules are formed (exothermic).  These two steps are known as desolvation and 
dehydration.  Although the solution concentration can affect the rate of desolvation and 
dehydration, impurities can also impact the above mentioned rates.  This theory for crystal 
growth is known as the Diffusion layer or the Film model (Nývlt, 1984) which is one of the 
most robust theories for mass crystallisation known. 
Monte Carlo simulations by authors such as Nývlt (1996) have shown the effects of various 
parameters, such as the agitation rate and the presence of impurities, on the diffusion layer that 
directly affects the crystal growth rate and morphology.  These parameters were shown to either 
increase or decrease the diffusion layer thickness, affecting the growth rate of the ammonium 
sulphate simulated crystals.  The Diffusion layer model encompasses the movement of the solute 
molecules in the bulk arriving at the crystal surface, being incorporated into the lattice and being 
substituted by a new and random particle from the bulk. 
The Diffusion layer model explains that a high number of particles arriving at the surface of the 
crystal within a short interval will lead to a high growth rate of a particular face.  Impurities or other 
intermolecular interactions which occur with the solute or solvent molecules in the bulk may impede 
the rate of these two mechanisms, thus affecting the overall crystal growth. 
In 1951 the first theory on the growth mechanism of flat faces was presented by Burton, Cabrera 
and Frank in a model which has since become known as the BCF model (Dhanaraj et al., 2010). The 
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BCF model assumes that the surface diffusion mechanism is the rate determining step in crystal 
growth.  Despite the BCF model’s application to low supersaturation conditions, it does not consider 
the effect of impurities in the growth model.  BCF addressed the velocity of growth of crystal faces 
(Burton et al., 1951), which is dependent on crystal defects, and in particular screw dislocations 
(Frank, 1949).  When dislocations occur, molecular growth can proceed from that point in a spiral 
fashion (Frank, 1949).  Screw dislocations occur in an upwards spiral formation resembling pyramids.  
The process of crystal growth units at the molecular level diffusing and attaching across the crystal 
surface in a spiral fashion will determine the final crystal topography.  At a macroscopic level crystal 
surfaces can appear smooth and flat, however at a microscopic level the true topography of the face 
can be observed.  Rough surfaces, due to the higher number of kink and step sites exposed, tend to 
grow faster and eventually disappear (Dirksen and Ring, 1991), leaving the relatively slow and 
smoother growing faces.  Crystal faces with greater lattice distances tend to grow slower, and the 
converse is true that faces with smaller lattice distances are likely to grow faster and exhibit less 
morphological importance.   
2.5.1 Space Patterns 
A crystal form can be described simply as a polyhedron shape (Bragg and Bragg, 1924).  Each 
arrangement and orientation of atoms or molecules that is similar and repeated along a plane is 
known as a unit.  However the arrangement and or orientation differs from the packing of other 
atoms or molecules in other crystals giving rise to different plane faces and crystal morphologies.  
Crystals have thus been grouped into classes based on the four main types of unit cell and symmetry 
(Bragg and Bragg, 1924).  These four groups are primitive centred, body centred, face centred and 
base centred.  Bragg and Bragg stated that ‘the geometrical theory of crystal structures is now 
complete,… further advances must be made by experimental discoveries concerned with actual 
crystals,‘ and these experimental investigations include the prediction and control of nucleation and 
crystal growth.  A classification of the crystal space group and pattern is essential for the 
determination of the structure on the atomic scale (Whittaker, 1981).  How the crystal unit is built 
indicates the way in which the crystal can interact with both solute molecules and heterogeneous 
seeds. 
2.5.2 Crystal Lattices 
Since a crystal body can be built from the regular arrangement of atoms or molecules in three 
dimensions, the locations of the centre of the atoms or molecules provide the positions of the 
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groups within the body.  The crystal body is thus built up around the point locations of the atoms or 
molecules, and it is around these point locations that the crystal structure is defined and classified 
through what is known as a space lattice.  The definition of space lattice focusses on the space 
around the units to provide a pattern (McKie and McKie, 1986).  Each space contains points equally 
separated.  The space is divided into cells of three planes.  The places in each set are equidistant and 
also parallel however the distance between all three planes is non-equidistant and as such the 
angles between each plane may also differ (see Figure 7).  The point of intersection of all three 
planes to another point of 3 dimensional intersection provides a lattice of the crystal, which when 
repeated throughout all three directions build the body of the crystal (see Figure 8) (Bragg and 
Bragg, 1924).  Hence the points of symmetry are repeated at identical vector units of a, b and c; 
which correspond to the x, y and z axes respectively.  Bravais suggested that there were 14 possible 
types of lattice which would give seven consistent symmetrical structures (Mullin, 2001).  These 
seven crystal structures are shown in Table 2 (McKie and McKie, 1986): 
Symmetry type  
(crystal system) 
Vector dimensions Lattice angles Cell shape 
Cubic a = b = c α= β = ɣ =90˚ Regular cube 
Monoclinic a ≠ b ≠ c α= ɣ =90˚; β ≠120˚ Right sided prism 
Orthorhombic a ≠ b ≠ c a= β = ɣ =90˚ Rectangular parallelepiped 
Hexagonal a = b ≠ c a= β =90˚; ɣ =120˚ Prismatic on 120˚ base 
Tetragonal a = b ≠ c a= β= ɣ =90˚ Square prism 
Trigonal a = b = c a= β= ɣ ≠90˚ Cube deformed along one 
diagonal 
Triclinic a ≠ b ≠ c a≠ β ≠ ɣ ≠90˚ Little symmetry 
Table 2: The seven crystal systems and the general cell shape descriptions 
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Figure 7: A single unit cell with the dimensions indicated by vectors (a, b, c) and angles α, β, ɣ, along axis x, y, z 
 
Figure 8: A three dimensional cubic lattice with lattice points indicated by green points and a unit cell in the top right 
hand corner 
2.6 Molecular Impurities 
The crystal lattices give seven consistent symmetrical structures when the crystals grow in ideal 
conditions; slowly and in the absence of occluded or absorbed impurities.  Impurities which adsorb 
on the surface of the crystal may inhibit the further adsorption of solute molecules onto the crystal 
face.  Inhibition of subsequent solute molecules can lead to growth retardation of the crystal face, 
and in the event that the affinity of the impurity is equal across all the faces of the crystal, complete 
crystal growth inhibition occurs (Nývlt, 1996).  The adsorption of impurities decreases the crystal 
growth rate due to the reduction in the edge free energy at kink and step sites (Dhanaraj et al., 
2010).  It is important to recognise that the term impurity can include solvents in addition to solid 
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phase molecules (Boerrigter et al., 2002).  The effects of solvent impurities are not addressed in this 
PhD, but the reader is referred to the works by (Veintemillas-Verdaguer, 1996, Sangwal, 1996).  
Molecular impurities can be considered as either disruptive modifiers or blocking modifiers 
(Clydesdale et al., 1994a).  Disruptive modifiers are impurities that disrupt the local range ordering of 
the intermolecular bonds within the crystal lattice. They are usually smaller than the host crystal unit 
lattice size, and as such change the local intermolecular bond lengths around their insertion site.  
Blocking modifiers inhibit the growth rate of the crystal surface by occupying surface step or kink 
sites in place of solute molecules.  Blocking modifiers are usually larger in size than the crystal lattice 
unit, and replaces one or more solute molecular sites.  Due to their size and difference in one or 
more end group, blocking modifiers prevent intermolecular bonds from stretching around them and 
thus block further growth at that unit. Both disruptive and blocking modifying impurities are known 
as ‘tailor-made’ additives (Berkovitch-Yellin et al., 1985), as they are selected for their chemical 
resemblance to the host crystal.   
Veintemillas-Verdauger (1996) postulated that the decrease in the crystal growth rate is inversely 
related to the ability of the impurity to be incorporated into the crystal; this is supported by Nỳvlt’s 
findings (1996) which indicate a decrease in the crystal growth rate linked to the relative size of the 
impurities and also on the strength of the bonds between the crystal and the impurities.  The 
strength of the bonds will indicate where the impurity is most likely to attach, for which there are 
attachment energy models (Mukuta et al., 2005, Clydesdale et al., 1994b, Berkovitch-Yellin et al., 
1985).   
It is considered that the weakest intermolecular contacts within the chains are the crystal growth 
rate determining interactions as the strength of these interactions determine the rate at which 
lattice growth in a particular direction is completed.  The weak and the weakest interactions are thus 
responsible for the slowest growing crystal face and the degree to which the crystal morphology can 
be changed.   
How molecules interact with one another in the solution determines the likelihood of 
heterogeneous nucleation occurring or the inclusion of solvent molecules into the crystal lattice 
during growth amongst other interactions.  As such an understanding of the intermolecular 
interactions is required. 
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2.6.1 Molecular Interactions 
2.6.1.1 Molecular Surface Forces 
There are a variety of short-range (<1nm) attractive forces at the molecular scale including covalent 
bonds, dipole-dipole interactions, hydrogen bonding, and donor-acceptor interactions (acid-base 
interactions) which are involved in crystal lattice formation.   The magnitude of these short-range 
attractive forces in isolated interactions between the molecules may be weak (and approximate to 
kT), however the forces between appropriately functionalised surfaces can be extremely strong due 
to the polyvalent interactions that occurs simultaneously between several molecular groups (Bishop 
et al., 2009).  Additionally hydrogen bonds are electrostatic in their nature as protons dictate the 
attraction of two larger atoms with partial negative charges (Bishop et al., 2009).  The magnitudes of 
hydrogen bonds range approximately 10-40kJmol-1, and these bond strengths depend strongly on 
the solvent conditions. 
2.6.1.2 Van der Waals Forces 
Van der Waal forces originate from electromagnetic fluctuations in the constant movements of 
positive and negative charges within all types of atoms, molecules and bulk materials.  Therefore van 
der Waals forces are present between any two material bodies.  Van der Waals forces usually act in 
an attractive manner that brings the two bodies into close approximation if the two molecules are 
identical, due to the symmetry of charges within the molecules (Israelachvili, 1992).  If well 
harnessed, van der Waals forces can be used to guide the self-assembly of nanoparticles.  Van der 
Waals interactions between atoms or molecules are a sum of three distinct interactions, which 
increase proportional to the inverse sixth power of the distance between the particles: 
1. Dipole-Dipole interactions 
2. Dipole- induced interactions 
3. Interactions between transient dipoles of polarisable bodies (London dispersion 
interactions) 
The London dispersion interactions make up not only a third of the van der Waals forces, but they 
are considered as the most important contributors to the van der Waals forces as they are always 
present (Israelachvili, 1992).  The London dispersion interactions are responsible for adhesion, 
surface tension, wetting and even agglomeration of particles in liquids amongst other phenomena.  
The London dispersion forces through transient dipoles can be explained as follows:  A non-polar 
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molecule at any time has an average dipole moment of zero, yet at an instantaneous moment due to 
the positions of the electrons about the protons, there exists a finite instantaneous dipole moment.  
The momentary and instantaneous dipole within the molecule generates an electric field around the 
molecule that polarises another molecule in the proximity, inducing a dipole moment in the next 
molecule also.  As a result, the resulting interaction between the two dipoles on the molecules leads 
to an instantaneous attractive force between them for a finite amount of time (Israelachvili, 1992). 
The London dispersion interactions are long range forces and can be effective from 0.2nm to about 
10nm.  The London dispersion interactions are attractive and orientational: i.e. they not only bring 
molecules together but additionally align them, despite this orientation effect being quite weak 
(Israelachvili, 1992).  However, the London dispersion forces have a main flaw and that is that they 
do not account for the interactions of molecules in a solvent (Israelachvili, 1992). 
2.6.1.3 Electrostatic Forces 
Electrostatic forces provide a basis for the formation of colloidal structures as well as crystal 
structures.  Electrostatic forces can be both attractive (between oppositely charged particles) and 
repulsive (between like charged particles) and are also directional especially when dealing with 
particles with asymmetric surface charge distributions (Israelachvili, 1992).  The magnitude and 
length scale of the electrostatic interactions can be controlled through the selection of the solvent 
due to its dielectric constant, in addition to the concentration of the solvent (Bishop et al., 2009).  
And it is for these reasons that the electrostatic forces govern the stabilisation of particles in 
solution. 
Surfaces become charged in one of two ways: through the adsorption of charged (ionic) species onto 
a charge neutral surface, or through the dissociation of ionisable surface groups.  The adsorption or 
dissociation process is characterised by an equilibrium constant of the ratios of surface densities of 
the protonated to deprotonated groups multiplied by the surface concentration of the H+ ions 
(Bishop et al., 2009).  The surface charge density is related to the density of the charged groups on 
the surface, which is also related to the electric field at the surface of the particle which is 
dependent on the dielectric constant of the particle.  Hence the dielectric constant directly affects 
the density of charge on the surface of the particle.  The dielectric constant relates the extent to 
which a solvent concentrates electric flux.  A high dielectric constant of a material indicates that it 
concentrates more electric flux. 
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When oppositely charged particles come in to close proximity, the magnitude of the potential 
energy in the region between them decreases causing any adsorbed counterions to desorb, which 
increases the local electrostatic interaction energy.  However, when like-charged nanoparticles come 
into close proximity, the electrostatic potential between them is enhanced, which causes further 
adsorption of any present counterions, which then decreases the local charge density and also 
reduces the electrostatic interaction energy. 
The DLVO theory, a combination of the works of Derjaguin and Landau (1941) and Verwey and 
Overbeek (1948), explains the colloidal stability of particles in solution.  The theory accounts for 
when two similar bodies come into contact via adhesion that a lowering of their surface potential or 
surface charge is responsible.  The adhesion forces are a result of domineering van der Waals 
attraction forces, whereas strong repulsion between the surfaces results from dominant 
electrostatic repulsion forces.  Dominant electrostatic repulsion forces results in stable non 
aggregated colloidal particles.  A reduction in the surface potential can be induced by the addition of 
salts which screen the double layer, or by the addition of surface ions (Israelachvili, 1992).  
Decreasing surface potential leads to aggregation or agglomeration.  Van der Waals and electrostatic 
forces between bodies are used to determine and control the stability of colloidal suspensions 
(Starov et al., 2007).  The DLVO theory aids in describing surface forces which arise from the gradual 
changes in molecular properties from the bulk solution to the boundary layer. 
2.6.1.4 Hydrophobic Interactions 
Hydrophobic surfaces are surfaces that are repelled by water, due to the incapability of binding to 
the water molecule via hydrogen bonds or ionic bonds.  As a result of this incapability to form 
hydrogen bonds, the attraction of water to a hydrophobic surface is entropically unfavourable, such 
that the two hydrophobic surfaces will preferentially attract to one another over water to reduce the 
total free energy of the system.  Water is simultaneously ejected from the system as the two 
hydrophobic surfaces reach close proximity.  In such instances attractive hydrophobic forces arise 
between the hydrophobic surfaces as a result of the presence of water.  One of the main distinctions 
in comparison to the previously mentioned interactions is that hydrophobic forces depend on the 
properties of the aqueous solvent and not on those of the solute (Ben-Naim, 1980). 
It is disputed whether the hydrophobic interactions between two macroscopic surfaces are long 
range (Claesson et al., 1987) or short range (Hutchens and Wang, 2007), and the origins of 
hydrophobic interactions cannot be fully accounted for nor explained.  What is agreed is that 
hydrophobic interactions are dissimilar from van der Waals forces which are short range; 
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hydrophobic interactions are reportedly two orders of magnitude greater than van der Waals forces 
(Claesson and Christenson, 1988).  The magnitude of the hydrophobic attraction between two 
surfaces decreases with a reduction in the degree of hydrophobicity of the approaching surfaces.  
The hydrophobic interactions can be explained by the rapid coagulation of hydrophobic particles in 
water, and also for the rapid folding of proteins.  It is suggested that it is the energy or entropy 
associated with hydrogen bonding that extends over a larger region of space than molecular 
correlations that may be the root of the long range hydration interactions of water (Israelachvili, 
1992). 
When hydrophobic interactions are repulsive it is due to the increase in the density of water 
between two approaching surfaces.  Both the orientation and the changes in the density of the 
water molecules are important, and the hydration forces result from these changes between the 
surfaces.  If the density of the water molecules decreases as the surfaces approach one another, an 
attractive interaction occurs between the surfaces.  The depletion of water molecules between two 
hydrophobic surfaces may be responsible for the nucleation of a vapour phase between them 
(Rabinovich and Derjaguin, 1988, Claesson and Christenson, 1988).   
Parker and Claesson demonstrated that with two hydrophobic silanated glass surfaces at separations 
of 5nm the two glasses experienced an attraction which occurred at a separation distance larger 
than that expected from the DLVO theory indicating the presence of strong non-van der Waals 
attraction.  When the forces between the two silanated glass surfaces were measured as s function 
of potassium bromide electrolyte concentration, the attraction forces behaved in accordance with 
the DLVO theory; an increase in the salt concentration resulted in a reduction of the Debye length 
(Parker and Claesson, 1994). 
Hydrophobic forces are often discussed with regards to solvation forces due to the similarity of 
effects on the solvent that the two forces exhibit. 
2.6.1.5 Solvation Forces 
When two particles or surfaces approach closer than a few nanometres the theories of van der 
Waals and the electrostatic repulsive double layer no longer suffice to explain the interaction 
completely (Israelachvili, 1992).  The failure of the DLVO theory is due to its invalidity at small 
separations (Bishop et al., 2009).  Other non DLVO forces become dominant at small separations.  
One of these non DLVO forces is known as solvation forces or, when the medium is water, hydration 
forces.  Solvation or hydration forces depend on both the chemical (hydrophilic/hydrophobic) and 
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physical (smooth/rough, amorphous/crystalline) properties of the surfaces in addition to the 
properties of the medium in which the particles are dispersed in (Israelachvili, 1992).   
A solvation force arises once there is a change in the liquid density between two approaching 
surfaces.  At the surface wall the attractive interactions between the liquid molecules and the 
surface on the molecules cause the molecules to order into “quasi-discrete layers”.  Even in the 
absence of any attractive wall-liquid interactions, due to the geometric considerations the liquid 
molecules reorder to be accommodated between the two surfaces (Israelachvili, 1992).  The 
variation in the number of molecules and the structures that they can form at a distance between 
the two surfaces dictates the degree of solvation of the two surfaces and thus the solvation force 
between them.  For two spherical particles that have smooth surfaces, the solvation forces are said 
to follow an oscillatory function of distance.  The higher the density profile of water at the surfaces 
of the particles, the greater the solvation forces, the lower the density profile of water at the surface 
of the particle, the weaker the solvation forces.   
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2.7 The Designs of a Seeding Strategy: The Predicted Effects of the 
Heterogeneous Seed Characteristics on Batch Crystallisation 
Based on the extensive work in the optimisation of homogeneous seeds in addition to tailor made 
additives for the control of the final crystal batch characteristics, it has been identified that certain 
seed characteristics are beneficial to the optimisation of the final crystal properties.  It will now be 
discussed in this section those specific seed characteristics deemed of interest. 
The design of a new crystallisation separation method can require matrices or iterative approaches.  
The design of a seeding strategy allows for various parameters to be considered at once such as the 
seed size, seed load or the seed addition temperature.  Each of these seed attributes can allow for 
greater control and process optimisation to ensure that the desired final crystal characteristics are 
obtainable without lengthy and costly reiterations.  The industrial seeding approaches historically 
consider homogeneous seeds for seeding policies.  The most often techniques are considered here: 
2.7.1 Cooling Profiles 
The solution cooling profile provides the preliminary form of optimisation in batch crystallisation.  
The simplest yet most inconsistent is the natural cooling profile, which as the name suggests does 
not require temperature control.  The absence of temperature control leads to a high temperature 
gradient between the bulk of the solution and the cooling vessel jacket, resulting in the rapid 
attainment of supersaturation in the initial stages of the batch process.  The natural cooling method 
is used seldom due to the bi-modal final crystal size distribution (Hojjati and Rohani, 2005).  The 
controlled or programmed cooling curve allows for maximum operational efficiency from scale to 
scale.  The controlled cooling curve provides control over the supersaturation generation of the 
solution.  Depending on the crystal seed properties such as the loading level or the seed size, the 
cooling curve thus indicates the rate of supersaturation consumption by the growing crystal seeds 
(Kubota et al., 2002).  The controlled cooling rate is slow at the beginning to optimise growth of the 
high surface area of the seeded crystals over secondary nucleation, and increases towards the end of 
the operation as the seeded crystals are larger in size.  Recently Abu Bakar et al. used the Direct 
Nucleation control (DNC) approach, which correlates the number of particle counts within the vessel 
to the nucleation rate for the use of focused beam reflectance measurement (FBRM) in a feedback 
control (Bakar et al., 2009).  The DNC approach alternates between cooling and heating or solvent-
antisolvent addition to generate supersaturation and controlled nucleation.  As such the DNC 
approach does not require predetermined cooling policies; however it relies on high supersaturation 
52 
 
which leads to solvent inclusion in the final crystal product and thus a reduction in the crystal purity 
in addition to agglomeration.   
2.7.2 Seed Load (Mass) 
Seed load or specifically the seed surface areas critically determines the rate at which 
supersaturation is consumed by the growing homogeneous seeds.  To reduce the dominance of 
secondary nucleation homogeneous critical seed loads are applied.  Seed loads are obtained from a 
ratio of the seed mass to the theoretical crystal yield of the crystalline product (Doki et al., 2002).  
Industrial seed loading levels range from as low as 0.50wt.% to as high as 10.00wt.% (Aamir et al., 
2010).  For each API a specific critical seed loading range is selected from previous batch runs.  The 
critical seed loading level per batch run depends on the mean seed crystal size.  High seed loading 
ratios are known to result in unimodal product crystal size distribution (Hojjati and Rohani, 2005), 
and close size similarities between the seeded crystals and the final product mean size (Doki et al., 
2002).  However, it is assumed that little to no nucleation occurs, no agglomeration neither crystal 
breakage or changes in the crystal shape during batch operation, regardless of the seed loading 
level.  Additionally seed loads are used to accelerate the batch run time; higher seed loading levels 
shorten the batch operation time as experienced by Gutwald and Mersmann (1990). 
2.7.3 Seed Size 
Seed crystals are sized by sieving, or via dynamic particle sizing methods such as light scattering.  
Sieving techniques present problems such as fines generation and thus a broad seed size 
distribution.  With the increase in the mean crystal seed size, an increase in the corresponding seed 
loading level is observed in industrial approaches to limit and repress the generation of nuclei and 
increase supersaturation consumption through growth (Mullin, 2001).  As such a combination of the 
mean crystal size from earlier batches, along with an agreement of the seed loading ratio, various 
expressions are used to predict the mean size of the crystal product (Kubota et al., 2002, Chung et 
al., 1999). 
As a result of increased crystal seed loadings with larger seed crystal sizes the overall batch process 
economic efficiency is reduced.  The seeding of seed crystals with low mean sizes can lead to 
erroneous correlations due to the high risk of agglomeration of the crystal seeds on addition to the 
vessel, as experienced by Doki et al. (2002).  Aamir et al (2010) proposed a method for determining 
the final product CSD shape through the mixing of various seed crystal sizes obtained from sieving 
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separation.  Using a model based optimisation method Aamir et al. combined different size 
distributions for target CSDs, i.e. bimodal, trimodal, polydisperse etc.  However, what is greatly 
needed for the separation process of pure crystalline APIs is narrow and optimum CSDs, not 
heterodisperse crystal sizes. 
Chung et al. (1999), although employing a simulation model based on homogeneous seeds observed 
that smaller mean seed sizes lead to smaller weight mean crystal sizes.  They also postulated that 
once the optimal supersaturation profile had been obtained the efficiency could be improved 
through the use of seeds with a narrow size distribution.  Through their studies on homogeneous 
seeds, Chung et al. observed that the final weight mean size of the products was a weak but 
increasing function of the seed size distribution. 
Similarly Jagadesh et al. (1996) when investigating the effect of seed ‘quality’ in addition to other 
seed characteristics such as loading level, reported a controlling operation as washing off the 
homogeneous seeds, which resulted in increased mean crystal sizes. Removal of the fines led to an 
increase in the mean crystal size, reflecting the link between the seed size and a seed surface area 
variable.  It can thus be inferred that if only “fines” are seeded a reduced mean crystal size is 
obtained, due to growth of the high surface area fines rapidly consuming the supersaturation of the 
solution in growth over secondary nucleation within the solution.   
Furthermore in studying Monte Carlo simulations of the effect of spherical seeds on the energy 
barrier to nucleation, Cacciuto et al. (2004) determined that the seeds require a minimum size to be 
nucleation promoters otherwise they would be irrelevant to the nucleation process. When the seed 
radius is approximately five times greater than the critical nucleus size, the seed might lower the 
nucleation barrier according to Cacciuto et al.’s findings. 
2.7.4 Seed Shape 
Due to the processes of preparation of the seed crystals such as milling and sieving, the seed crystals 
regularly possess irregular morphologies.  Although it is also of considerable interest when seeding, 
due to the lack of control over the grinding and sieving process of homogeneous seeds, it is reported 
as a lesser controlled variable.  The minimisation of irregularities in the seed crystal morphology was 
shown to be important by Aamir et al. (2010) through the crystallisation of potassium dichromate in 
water.  The different preparation methods of the crystal seeds such as through sieving, or milling or 
both, produced different seed crystal morphologies (platey, equant and non-uniform fines), which 
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inevitably resulted in significant secondary nucleation, agglomeration and varying CSDs.  Little work 
has been developed on the importance of seed shape in batch crystallisation systems. 
2.7.5 Seed Surface Area and Seed Porosity 
Seed surface area is also of importance; Lung-Somarriba et al. (2004) reported that irrespective of 
the seed sizes investigated, there existed a critical seed load or size- correlating to a critical seed 
surface area of 1.6 x 102 cm2, beyond which the CSD was consistently unimodal in the crystallisation 
of glycine.  Seeding below this critical seed surface area led to a bimodal or polydisperse CSD.   
Jagadesh et al. (1996) demonstrated the effect of low surface area of the seeds through seed 
concentrations when crystallising potash alum; low seed concentrations resulted in broad and 
bimodal CSD and significant deviations.  Due to the relationship between seed size and seed surface 
area, Jagadesh et al. confirmed that with larger seed sizes greater seed loads were required in order 
to ensure that seed growth dominated nucleation.  Working with “small” homogeneous seeds in the 
range of 40µm allowed for low loading levels to achieve greater control over the CSD of the final 
batch.  However caution must be applied as the use of the smaller sized homogeneous seeds may 
lead to heavily agglomerated crystal products (Jagadesh et al., 1996). 
In attempting to obtain a stable form of an API, Boukerche et al. employed high surface area 
heterogeneous seeds at a range of seed loading levels.  The silica seeds exhibited a surface area of 
80m2/g and the carbon powder a surface area of 750m2/g (Boukerche et al., 2010), indicating that 
the surface area of heterogeneous seeds is also of significance.   
The above mentioned experimentalists focussed on the seed surface area, but failed to consider the 
additional attributes to the seed topography.  In recognising that surface topography of the 
substrate is of significance, Bonafede and Ward (1995) demonstrated the importance of 
heterogeneous surface roughness and specifically surface ledges in controlling crystal growth of 
molecular crystals.  Ledge-directed epitaxy was employed by the authors Bonafede and Ward as 
nucleation sites; the ledge of a heterogeneous crystalline surface provided an angle across which 
prenuclei clusters were able to contact two substrate surfaces, thus increasing the interfacial contact 
areas and subsequently lowering the activation energy for nucleation.  Talanquer and Oxtoby also 
considered the contact of a critical nucleus with two surfaces to be of importance during nucleation 
in simulations (2001).  The authors used density functional theory to study nucleation in slit pores, 
and determined that at low supersaturations nucleation proceeded through the formation of liquid 
bridges between two adjacent walls.  If the distance between the two walls was no longer conducive 
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to a liquid bridge formation, the authors proposed that heterogeneous nucleation was reduced to 
nucleation on a planar substrate. Chayen et al. (2001) employed a similar practical approach through 
the use of porous silicon to crystallise protein molecules such as catalase, lysozyme, thaumatin and 
other proteins through a vapour diffusion hanging drop method.  Nucleation was induced through 
the use of the porous substrate with pore diameters ranging from 5-10nm (+/-3nm) and protein 
crystals were located either on the heterogeneous surface or in the vicinity.  Chayen et al. reported 
that crystals which grew in close proximity to the porous substrate were larger and greater in 
number than those at distance to the substrate.  Chayen emphasised the importance of the pore size 
and shape in later works where a theoretical model was supported by experimental findings to 
relate pore size to nucleation enhancement of proteins (Chayen et al., 2006).  A mesoporous bioglass 
(CaO-P2O5-SiO2) with a wide pore size distribution (2-10nm) and pore shape distribution was shown 
to be effective in the nucleation of proteins.  It was proposed that the pore size and shape 
distribution provides potentially one pore of optimum size and shape that reduces the free-energy 
barrier (Chayen et al., 2006).  
An optimum pore size for the crystallisation of aspirin was investigated by Diao et al.(2011a), and 
most recently by Shah et al. (2012) in the crystallisation of several proteins including thaumatin and 
lysozyme.  Shah et al. developed the understanding of pore size and pore size distribution and 
concluded a relationship between the protein molecular weight, the radius of gyration and 
nucleation within specific pore sizes.  From both Diao et al. and Shah et al. it would appear that 
nucleation is dependent on the molecular size (and radius of gyration) being smaller than the 
available pore sizes in the presence of heterogeneous seeds. 
Indeed heterogeneous pore size was considered of importance earlier to Parlar and Yortos (1989), 
who when investigating capillary desorption concluded that pore size determined heterogeneous 
nucleation in porous media as pore size directly affects the local relative pressure within the pore 
body.  Their considerations were based on percolation models.  Parlar and Yortos predicted that if 
pore radii exceeded the critical nucleus radius, nucleation would not proceed heterogeneously 
within the pores.  However, if the pore radius was smaller than the critical nucleus radius then 
heterogeneous nucleation would proceed within the body of the pore, with growth limited to the 
size of the pore neck.  Further simulation studies have also indicated that protein nucleation is 
enhanced in pores of specific sizes or shapes and that the surface potentially has a degree of 
roughness in nature (Page and Sear, 2006).  
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2.7.6 Seed Chemistry 
As with various hydrodynamic studies, it is considered that the material of the agitator blade impacts 
the rate of nucleation, both from a kinetic aspect and from a surface chemistry aspect.  The use of 
metal agitators imparts higher impact energy into the bulk solution and also on to growing crystals 
(which increases the CSD due to impact collisions).  The use of different metal agitators or plastic 
and thus hydrophobic agitator blades has received little interest with respect to the effect on 
nucleation rates and induction times. 
Liang et al. (2004b) demonstrated that in the presence of their plastic agitator blades due to the 
presence of air bubbles the rate of nucleation was impeded.  This is because the formation and 
collapse of air bubbles within a bulk solution impedes the rate of diffusional mass transfer, and in 
the proximity of pre-critical nuclei the air bubbles can disrupt the diffusion of solute molecules to 
the cluster.  They proposed that this could be overcome by limiting the maximum agitation speed 
depending on vessel scale, such that air bubbles and vortexes were not formed.  In a subsequent 
publication, Liang et al. demonstrated an appreciation of the impact of the chemistry of the 
hydrophobic blades on the rate of heterogeneous nucleation (Liang et al., 2004a).   
On a microscopic scale surface chemistry is of equal importance.  Studies in statistical mechanics 
have indicated that surface wetting of adjacent walls (or pores) affects nucleation kinetics 
(Talanquer and Oxtoby, 2001).  If poor wetting or partial drying conditions are present the energy 
barrier for nucleation inside of the slit pore becomes unfavourable and increases, even with a 
decrease in pore width (Talanquer and Oxtoby, 2001). 
Diao et al. (2011a) when investigating various mesh sizes attributed by the use of polymer microgels 
in the crystallisation of paracetamol, reported that the presence of the particles led to an 
enhancement of approximately 10-fold in the nucleation rate.  The favourable interactions between 
the polymer microgel and the solute indicated the effects of surface chemistry in conjunction with 
the porosity of the particles may result in the control of nucleation. Later the authors indicated an 
increase in the nucleation kinetics of aspirin when surface chemistries containing carboxyl or amine 
groups and mesopores were specifically tuned (Diao et al., 2011b).   
Specific surface chemistry effects have been reported by authors such as Urbanus et al.(2009), who 
in covalently bonding cinnamic acid molecules to SiO2 particles demonstrated enhanced nucleation 
of cinnamic acid by reduced crystallisation induction times.  Selection of surface chemistries which 
contain specific functional groups similar to those in the crystallising molecules allows for 
complimentary intermolecular interactions. 
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2.7.7 Seeding Temperature 
Often the use of a specific seeding time in batch crystallisation processes is targeted for specific 
solution concentrations.  Although the nucleation process, which is a function of supersaturation, 
can never be truly quenched through the addition of a seed at a specific supersaturation 
concentration, the risks of broadening the CSD can be reduced if the seeds are added in the middle 
of the MSZW (Mettler Toledo White paper, 2012).  In operational terms this means a specific time 
post batch start up; on a batch scale the solution concentration profile may or may not be tracked, 
hence clear guidelines for the time of addition of the seed are required.  The time of addition of the 
seeds will vary from batch scale to batch scale due to the dependency of the MSZW on the scale 
among other factors.  Seed addition too early or too late according to the seeding design will 
inevitably affect the CSD due to the different supersaturation conditions of the solution along the 
cooling profile.   
2.7.8 The Metastable Zone Width 
 
Figure 9: A schematic of the ideal operating curve.  An enlarged MSZW has been reported by Titiz-Sargut and Ulrich 
(2002), and by Sangwal and Mielniczek-Brzoska (2004) when using metal ions 
As the supersaturation limit or upper MSZW limit is not defined thermodynamically (Figure 9), it is 
susceptible to changes in the batch process, such as the presence of impurities.  The impact of 
impurities on the MSZW is poorly understood and even less likely to be predicted. 
Titiz-Sargut and Ulrich (2002) demonstrated the impacts of Cr3+, Cu2+, Mg2+ ions on potassium alum, 
and observed that the MSZW increased until a certain ion concentration of 25ppm Cr3+, Cu2+ or Mg2+.  
Interestingly they observed that the MSZW of potassium alum increased by 20˚C with just an ion 
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concentration of 2.5ppm of Mg2+.  Also when investigating the effects of Mg2+ on potassium chloride, 
the authors again observed that the presence of the ion impurities widened the MSZW up to a 
concentration of 25ppm Mg2+.  They reported however that after a certain concentration of all of the 
impurities the MSZW decreased. 
The presence of Mn2+, Co2+ and Ni2+ impurities were also reported to have widened the MSZW in the 
findings by Sangwal and Mielniczek-Brzoska (2004) when crystallising ammonium oxalate 
monohydrate both in the presence and absence of homogeneous crystal seeds.   
In the heterogeneous seeding with silica and carbon black for an unnamed API Boukerche et al. 
(2010) reported a decrease in the upper MSZW limit.  The hydrophobic carbon black heterogeneous 
seed led to a greater reduction in the MSZW in comparison to the hydrophilic silica.  What remains 
unclear however is whether the effects of the heterogeneous seeds used by Boukerche et al. are as a 
result of the surface chemistry or the surface area of the seeds.  The use of the heterogeneous seeds 
did result in their published objectives, to aid in the screening process of a more stable phase of 
their API.  It still remains unknown how these heterogeneous seeds affected the CSD or morphology 
for example; on which this PhD intends to shed light. 
The works by Titiz-Sargut and Ulrich, and Sangwal and Mielniczek-Brzoska or Boukerche et al. 
indicate that insoluble impurities can act as heterogeneous seeds and affect the MSZW, either to 
decrease the width and thus increase the rate of nucleation and reduce the batch operational time, 
or to widen the MSZW, and thus allow for a wider process operating window in the batch 
crystallisation process.   
2.7.9 Crystallisation Induction Time 
The crystallisation induction time (CIT) is the time taken for the nucleation of a new phase and for 
crystal growth to reach a macroscopic size that is identifiable by the detection method (Kim and 
Mersmann, 2001).  The CIT is used as a measure of time that the solution remains within the 
metastable zone (Kashchiev and van Rosmalen, 2003).   The proposal of an induction time between 
the attainment of a supersaturated solution and the formation of a critical cluster actually 
contradicts the CNT, which assumes ideal and steady state conditions which lead to immediate 
nucleation once supersaturation has been achieved (Mullin, 2001).  The induction time composes of 
three indiscernible growth phases of the cluster into a macroscopic crystal: the relaxation time (tr) 
which depends on the solution viscosity, the time taken for the formation of a stable nucleus (tn) and 
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the time taken for growth to a macroscopic size (tg) (Mullin, 2001).  Each one of these phases can be 
affected by the presence of impurities. 
Examples for when the CIT is used to compliment studies on the MSZW are present in the case of 
Biscans and Laguerie (1993) who investigated the CIT of lysozyme with respect to supersaturations 
to determine the nucleation mechanism.  In agreement with the CNT, the time taken for 
macroscopic crystal growth to be observed was increased with decreasing supersaturation.  The 
delayed CIT resulted from the low supersaturation conditions leading to a large critical nucleus 
radius.  Unfortunately Biscans and Laguerie did not compare the CIT of their lysozyme investigations 
using a heterogeneous seed. 
Hendriksen and Grant (1995) reported delayed effects on the CIT when intentionally adding soluble 
additives in the crystallisation of paracetamol including p-hydroxybenzoic acid methyl ester and m-
acetamidophenol.  Linked to the additive surface chemistry, p-acetoxyacetanilide increased the CIT 
and delayed the macroscopic crystal growth of paracetamol when added at a level of 4.00mol.% to a 
paracetamol supersaturation level of 1.84.  Uncontrolled nucleation of paracetamol was observed by 
Hendriksen and Grant to occur in unseeded control batches by a supersaturation level of 1.35.  The 
authors considered that the delay in the CIT was related to the chemical similarity of the additive p-
acetoxyacetanilide to paracetamol, and the ease with which the additive molecules were 
incorporated into the paracetamol pre-critical cluster.  Because of the identical p-hydroxyacetanilide 
group on both the additive and the paracetamol molecules, if this part of the molecule were 
responsible for molecular recognition, the authors considered that the additive molecules would be 
accepted into the clusters, but that cluster growth to a stable and new phase would be inhibited by 
the non-molecularly accepted parts of the additives impeding paracetamol addition.  Equal 
considerations were supposed for macroscopic crystal growth. 
Another delayed effect on CIT has been reported by Chow et al. (1984) who also investigated the 
effects of p-acetoxyacetanilide on paracetamol, and found that CIT did not occur within the first 2h, 
although when in the absence of the additive CIT occurred earlier.  The authors consider similar 
effects as those proposed by Hendriksen and Grant to be responsible for the delay in the CIT. 
A reduction in the CIT was achieved by Urbanus et al. (2009) when seeding particles including TiO2 
and functionalised SiO2 for the crystallisation of cinnamide.  The reduction in the CIT supports the 
CNT that the nucleation rates are increased by the presence of heterogeneous surfaces due to a 
reduction in the energy barrier.  Urbanus et al.’s findings support earlier work by Prasad et al.(2001), 
who in using the additive p-acetoxyacetanilide at various loading levels of 0.30-6.02wt.% found a 
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reduction in the CIT of paracetamol.   The CIT was reported as a controllable factor in the nucleation 
process by Diao et al. when using polymer microgels to crystallise aspirin and paracetamol (Diao et 
al., 2011a).  The addition of the polymer microgel particles to a paracetamol solution led to a 
reduction in the average induction time compared to unseeded control experiments, however 
supersaturation limitations were observed with paracetamol which were not observed for aspirin.  
The recent works by Urbanus et al., Prasad et al., and Diao et al.  indicate that the use of seeds and 
or additives may be beneficial to the control of the API characteristics such as CIT, which can greatly 
reduce the batch crystallisation operation time and increase product throughput. 
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2.8 Summary on the Industrial Seeding Approaches 
As unit operations in the pharmaceutical crystallisation process are ever fervently optimised, the 
batch crystallisation process requires new approaches to enhance efficiency and reliability.  
Experimental investigations using homogeneous seeding and additives in parallel with statistical 
modelling approaches indicate that heterogeneous seeding could be a promising means to better 
understand and control the nucleation and crystal growth processes. 
The use of a non-crystalline yet porous substrate supports the use of silicon dioxide as the main 
heterogeneous seed in this research. The effectiveness of the substrate with a broad pore size and 
shape distribution for the control of crystallisation suggests that organic molecules and specifically 
APIs can also be controlled or enhanced through the use of specifically engineered heterogeneous 
seeds.  Other properties such as the seed shape and seed chemistry may also offer potential control 
characteristics to enhance, and develop batch crystallisation processes. 
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3 Materials and Methodology 
In this chapter the materials and methods used in the synthesis of the heterogeneous seeds will be 
discussed, followed by the methodologies implemented for the physical and chemical characteristics 
of the tailored seeds.  The synthesised seeds described in this chapter are seeds tailored specifically 
for the investigation of the research hypothesis. 
3.1 Methods 
3.1.1 Silicon Dioxide Purchased Seeds 
Silica (silicon dioxide) seeds with diameters of 7nm, 14nm, 250nm, 500nm and 1µm were used as 
received (Sigma Aldrich, Devon, UK).  The 7nm fumed silica seeds (PubChem substance ID: 
24899637) and the 14nm silica seeds (PubChem substance ID: 24882840) were of a 99.5% trace 
metal basis. 
3.1.2 Porous Silica Seed Synthesis 
Materials: 
Silica reagent Tetraethylorthosilicate (TEOS) (98%, Sigma Aldrich, Dorset, UK) was used as received.  
Morphological catalysts (shape determining) 2M ammonium hydroxide (28.0-30.0%, Sigma Aldrich, 
Dorset, UK), sulphuric acid (95-97%, Sigma Aldrich, Dorset, UK), 2M, 4M and 6M acetic acid (VWR, 
Leicestershire, UK) were used as received.  Topographical catalysts and homogenising solvents 
ethanol (>99%, Fisher Scientific, Loughborough, UK) and propan-1-ol (VWR, Leicestershire, UK) were 
also used as received.  Dialysis membrane tubing (Medicell International Ltd., London) was cleaned 
in hot water for 2hours prior to use for the removal of glycerine from across the membrane 
apertures.  Analytical grade water was used as received to wash the particles post synthesis.   
Synthesis Method: 
The silica particles were synthesised according to the Stöber synthesis-method adapted from 
methods from Stöber et al., (1968), Wang et al., (2006) and Chou and Chen (2003), as follows: equal 
volumes of 4ml TEOS and the alcoholic solvent from the predetermined reactant volumes were 
mixed together in an alcoholic rinse-cleaned closed topped beaker (A) with a magnetic stirrer for 10 
minutes to achieve homogeneity.  In a separately alcoholic rinsed beaker (B) the remaining volume 
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of alcohol, required volume of morphological (seed shape determining) catalyst and required 
volume of reagent quality water were magnetically stirred at 500rpm at room temperature for a 
minimum of 10 minutes.  This ensured both kinetic and thermal homogeneity in beaker B.  After a 
minimum of 10 minutes the contents of beaker A were added to beaker B and the beaker was 
sealed. The combined mixtures were left to come to equilibrium for 24 hours.  After reaching 
equilibrium the pH was tested using a HI 120 pH meter (Hanna Instruments, Bedfordshire, UK) 
before the sol was transferred to a cellulose dialysis membrane, whereby the unreacted 
morphological catalyst and homogenising agent (alcohol) were removed over time by osmosis 
through the membrane sheath.  In the initial 8 hours, hourly washing and changing of the water was 
required.  After a few days the water only needed to be changed daily and then less often.  This 
stage can take up to two weeks to ensure that all of the catalyst and homogenising agent were 
successfully removed from the sol.  After this stage the sol was transferred to a cleaned holding jar 
until characterisation (see Figure 10). The reagent volumes (Table 3) were based on protocols by 
Bogush et al. (1988), Dingsøyr and Christy (2000), and Vasconcelos et al. (2002) whereby the ratio of 
water to the silica precursor TEOS was held at a minimum to ensure seed size control. 
 
Figure 10: Synthesis Schematic for silica seeds 
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Table 3: Synthesis reagents for silica seeds (the symbols refer to the conditions for the specified substance) 
Substance Name Role Range of volumes and/or 
concentrations 
Tetraethylorthosilicate (TEOS) Reactant  4.00 ml 
Water Reactant 0.00-0.18 ml 
Ammonium hydroxide, Sulphuric 
acid, Acetic acid~ 
Morphological catalyst 1.25-4.00 ml, [2M]-[6M] ~ 
Ethanol, Propan-1-ol§ Topographical catalyst and 
homogenising agent 
12.50ml, 25.00ml§ 
3.1.3  ‘Fractured Non-Specific’ Morphology Silica Seeds Synthesis 
Materials: 
Tetraethylorthosilicate (TEOS) (98%, Sigma-Aldrich, Dorset, UK), ethanol (>99%, Sigma-Aldrich, 
Dorset, UK) and 2M ammonium hydroxide (VWR, Leicestershire, UK) were used as received.  
Analytical grade water was used as received to wash the particles post synthesis.  Dialysis membrane 
tubing (Medicell International ltd., London, UK) was cleaned in hot water for 2 hours prior to use for 
the removal of glycerine (humectant) from across the membrane apertures. 
Synthesis Method: 
To synthesise seeds with high surface areas and high surface roughness, a method based on the 
published protocols by Ui et al., (2009) and by Chan et al. (2001) was employed.  The particles were 
prepared as according to the Stöber synthesis however with 0.0548mol/L CTAB and 12.5ml ethanol 
as the homogenising solvents.  The original Stöber synthesis does not include the use of surfactants.  
A high stirring speed of 400rpm was employed in which a precipitate formed after 30mins.  The sol 
was incubated at ambient temperature conditions for 24hrs before being transferred into a 
polypropylene bottle and aged at 90°C for 48hrs.  The seeds were then washed and filtered with 
ethanol and water before undergoing calcination at 500°C for 6hrs in flowing nitrogen gas to remove 
the organic CTAB surfactant. 
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3.1.3.1 Seed Characterisation Results and Discussion 
(a)  
(b)  
(c)  
(d)  
Figure 11: Micrographs of the heterogeneous seeds without a specific morphology 
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Figure 12: Nitrogen gas sorption isotherm for the ‘non-specified morphology’ heterogeneous seeds.  The sorption 
isotherm is that of a Type IV & H1/H3 shape, indicating ink-bottle pores with a deformed shape. 
Seed name Seed size (µm) Surface area 
(BET) (m2/g) 
Pore volume 
(cm3/g) 
Pore size 
range (nm) 
Pore shape 
Non-specified 
morphology 
silica seeds 
17 (+/- 15) 286 (+/-2) 1.22 (+/-1) 5-30 (deformed) 
ink bottle 
Table 4: A summary of the non-specified morphology heterogeneous silica seeds 
As seen in Figure 11 (a), the seed size prior to calcination was very large.  Calcination allowed for the 
surfactant CTAB to be removed from the interior of the seeds, but also resulted in a non-specific 
morphology of the seeds to arise (micrographs b-d).  Once the seeds were calcinated, the seeds, 
now fractured pieces, were characterised with an approximate size of 17µm in width.  The seeds 
possess a significant amount of surface topographical advantages despite their large size and broad 
size distribution. 
The nitrogen gas sorption isotherm shown in Figure 12 shows an isotherm of interest.  Both the 
adsorption and desorption branches exhibit a sloping character, resulting in a sloped hysteresis.  
Isotherms with sloping hysteresis loops are obtained when the heterogeneous seed contains a 
distribution of pore sizes and pore shapes (De Boer, 1958).  This isotherm shape means that capillary 
shapes are present on the heterogeneous seed, in addition to slit and trough like shaped pores.  It 
may be inferred that a range of pore shapes are present on the heterogeneous seed, which led to 
the delayed desorption curve on the isotherm.  The range of pore shapes explains for the broad pore 
size distribution characterised (see Table 4).  De Boer stipulates however that the parallel sorption 
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curves indicate mainly capillary shaped pores.  Capillary shaped pores contain necks and a pore body 
as opposed to slit shaped pores that do not contain necks.  Furthermore the steep adsorption 
branch at intermediate to high relative pressures is considered to arise from pores with short necks 
(De Boer, 1958).  This is because of a rapid filling of the pores by the nitrogen gas during adsorption, 
and a decreased emptying during desorption. 
3.1.4 Functionalised Seeds Synthesis 
Materials 
Silica sized 250nm, 500nm and 1µm in diameter (Sigma-Aldrich, Dorset, UK) were used without 
further purification prior to the silanisation process.  Analytical grade water and toluene (99%, VWR, 
Leicestershire, UK) were used as received.  Trimethoxy(3,3,3-trifluoropropyl)silane (>97%, Sigma-
Aldrich, Dorset, UK), Dichloromethylsilane (>99.5%, Sigma-Aldrich, Dorset, UK), and (3-
aminopropyl)triethoxysilane (>97%, Sigma-Aldrich, Dorset, UK) were used without further 
purification for the functionalisation of the silica seeds to obtain trifluoro, methyl and amine 
functionalised surfaces respectively. 
Synthesis Method: 
The silica seeds were functionalised in batches according to the published protocols by Feng et al. 
(1997) and Perro et al. (2009) whereby the surface area of silica determined the silane reagent 
volume. The 1.20g of silica was suspended in 100ml of water and heated to reflux at 100°C for 3 
hours (for a schematic see Figure 13).  After the mixture was cooled to room temperature, it was 
filtered over filter paper and allowed to dry for a minimum of 24 hours.  The hydrated particles were 
suspended in 100ml toluene and stirred for a minimum of 2hrs before a specified volume of silane 
solution was added (see Table 5), depending on the nonporous calculated surface area of the 
particles.  The mixture was then refluxed at 80°C for 24hours, after which it was left to cool down to 
room temperature before being washed five times in excess ethanol to remove unreacted silanes.  
The functionalised particles were then dried in a vacuum oven at 100°C for 3hours. 
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Figure 13: Silanisation schematic 
 
Table 5: Reagent silane volumes for 1.20g Silica 
Particle Size (nm) Fluoro (µl) Methyl (µl) Amine (µl) 
250 312 197 382 
500 156 98 190 
1000 78 44 95 
 
3.1.4.1 Seed Characterisation Results and Discussion 
Here the characterisation results of the functionalised seeds will be shown. 
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Figure 14: The final seed size of the 250nm functionalised seeds, showing that agglomeration of the functionalised seeds 
occurs most severely with the fluoro and methyl functionalised 250nm seeds 
 
Figure 15: The 500nm functionalised seeds.  Less agglomeration of the functionalised seeds occurs with the 500nm seeds 
when dispersed in water in comparison to the 250nm seeds 
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Figure 16: The 1µm functionalised seeds.   
 
As seen in Figure 14 to Figure 16, functionalising the silica standards with specific surface functional 
groups leads to an effect on the interparticle interactions.  The DLVO theory for the interaction 
between two like bodies, is generally used for homogeneous particles (Graaf et al., 2012).  For 
functionalised seeds with regions of high and low coverages of the function (e.g. the methyl group) 
as well as unfunctionalised regions, the DLVO theory can only be applied if these regions can be 
assumed to be small so that the surface can be treated as an average and cannot be applied if the 
function is patchwise.  However it still remains that in order for the seeds to fully disperse within the 
solution, the repulsive forces between the seeds need to overcome the attractive forces which lead 
to agglomeration.  As shown in Figure 14, the risk of agglomeration with the 250nm seeds is greater 
than with the larger sized seeds 500nm and 1µm, because the repulsive forces depends on the 
square of the radius of the seeds as per the DLVO theory.  Peaks around 500nm and 1µm are 
observed for the 250nm methyl and fluoro functionalised seeds (Figure 14).  The larger the seed size, 
the greater the potential energy from the repulsion of the double layers on the seed, resulting in less 
agglomeration of the 500nm and 1µm functionalised seeds.  Furthermore there is a difference in the 
strength of the repulsive forces between the hydrophobic and hydrophilic functionalised seeds, as 
seen with the 250nm functionalised seeds (Figure 14).  The hydrophilic amine functionalised seeds 
exhibit less agglomeration, and as a result the seeds remain largely dispersed within the solution at 
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pH 7.4.  This may indicate that the repulsive forces between the hydrophilic and “small” or 250nm 
seeds, are greater than the attractive van der Waals forces between the seeds.  However when the 
250nm seeds are rendered hydrophobic with methyl or fluoro end groups, the van der Waals forces 
of attraction dominate and lead to agglomeration of the seeds.  The agglomeration of the 
hydrophobic seeds will be explained further with the findings from the zeta potential or surface 
charge measurements later in this section.   
 
Figure 17: The nitrogen sorption isotherms of the functionalised seeds in comparison to the unfunctionalised 
(unmodified) 500nm seeds 
 
Seed 
functionality 
Hydroxyl 
(unmodified) 
Amine Methyl Fluoro 
Seed surface area 
(m2/g) (standard 
deviation) 
9 (+/-2.0) 1.21 (+/-0.8) 5.81 (+/-0.5) 0.82 (+/-0.7) 
Table 6: The surface area of the functionalised seeds in comparison to the unfunctionalised 500nm seeds 
As seen in Figure 17 the surface area of the functionalised seeds is altered due to the surface 
functionalities.  The isotherms show that the functionalised seeds contain slit shaped pores, but a 
much reduced surface area in comparison to the unfunctionalised seeds (Table 6).  The smallest 
surface area reduction was obtained when functionalising the seeds with the methyl function.  The 
35% reduction in the surface area with the methyl function is related to the size of the methyl silane 
group.  Because this group is the largest in radius out of the functional groups, when covering the 
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surface of the seeds, the methyl group would have experienced steric limitations in the pores of the 
seeds.  Larger pores are coated internally by the functional groups, and this is sterically hindered in 
smaller pores.  The steric limitations would have impeded rotational and vibrational motion of the 
group, and as such the methyl functional group would not have entered into the pores as effectively 
as the smaller fluoro and amine silane groups.  Hua and Smith (1992) reported a decrease in the 
total surface area as the functional groups with small sizes occupied pores and were bonded across 
the pore entrance.  Vansant et al. (1995) also reported on a reduction in pore sizes and pore size 
distribution when functionalising with amine functional groups, explaining steric hindrances as the 
cause for the limitations in smaller pores.   
The transmission spectra for the functionalised seeds were compared with the transmission 
spectrum of the unfunctionalised hydroxylated seeds (the seeds in their natural hydrated dried 
state). 
 
Figure 18: Transmission spectra for chemically modified (functionalised) silica seeds [Wavenumber sources:(Guenzler 
and Gremlich, 2002), (Dolphin and Wick, 1977), (Smith, 1999), (Roeges, 1994), (Vansant et al., 1995, Hair, 1967)] 
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Figure 19: Transmission spectra for chemically modified (functionalised) silica seeds: Fingerprint region [Wavenumber 
sources:(Guenzler and Gremlich, 2002), (Dolphin and Wick, 1977), (Smith, 1999), (Roeges, 1994), (Vansant et al., 1995)] 
 
To verify the presence of the functionalised silane groups on the surface of the silica seeds, FTIR 
characterisation was employed.  Both the presence and absence of waveshifts reveal important 
characteristics about the functionalised seeds in Figure 18 and Figure 19.  The main waveshifts have 
been identified.  Around 1065 +/-35cm-1 the amine functionalised seeds show a reduction in the 
intensity of silanol groups, suggesting that the silanol groups were successfully functionalised with 
amine groups.  If methyl waveshifts are observed on the amine functionalised seeds (2987cm-1), it is 
because the highly electrophilic amine centre can self-catalyse a condensation reaction with a 
surface silanol during the silanisation process, which results in a “reverse flip” mechanism in the 
exposure of a methyl linked silane group (El Shafei, 2000, Vansant et al., 1995). 
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Figure 20: Surface wetting with water on 250nm methyl functionalised compacted seeds 
 
Figure 21: Surface wetting with water on 250nm fluoro functionalised compacted seeds 
 
Figure 22: Surface wetting with diiodomethane on 500nm amine functionalised compacted seeds 
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Table 7: Averaged contact angles of amine (diiodomethane), methyl (water) and fluoro (water) functionalised seeds 
 250nm 500nm 1µm 
Averaged 
contact 
angles 
θ Left (˚) θ Right (˚) θ Left (˚) θ Right (˚) θ Left (˚) θ Right (˚) 
Amine 38.4 +/-1.5 38.4 +/-1.2 40.6 +/-0.3 40.6 +/- 0.5 54.7 +/- 3.1 58.4 +/- 4.1 
Methyl 116.9 +/- 1.8 112.6+/-0.7 115.5+/-0.3 113.0+/-0.4 
 
114.1 +/- 1.3 116.4 +/- 1.5 
Fluoro 126.5 +/-0.4 126.6+/-0.9 123.8+/-1.5 128.1+/-0.5 141.3 +/-1.3 137.1 +/- 1.3 
 
As seen in Figure 20, Figure 21 and Figure 22, a compaction of the seeds allows for contact angle 
measurement characterisation to occur.  The amine functionalised seeds, probed with 
diiodomethane, exhibit a contact angle less than 90˚.  The low contact angle provides evidence that 
the hydrophilic amine end group was successfully silanised onto the silicon dioxide seeds.  The 
hydrophobic seeds were probed using water, due to the high polar surface energy component in 
water.  The resulting contact angles on the hydrophobic surfaces were greater than 90˚ with the 
probe solvent, supporting evidence that the seeds had been hydrophobised.  The highly 
electronegative fluorine atom, due to its strong pull of electrons in the silane compound to its 
neutron centre, is highly stable once covalently bonded to the surface of the seeds.  As a result of 
the strong pull of electrons, there is a high shielding effect surrounding the molecules, which is 
exhibited by low bonding energy forces resulting in a higher contact angle than with the methyl 
functionalised seeds. 
The contact angle resulting from the 1µm fluoro functionalised seeds is slightly higher than those 
from the 250nm and 500nm seeds.  It is considered that due to the larger diameter of the 1µm 
seeds, compaction of the seeds included larger air pockets between the seeds, enhancing the final 
contact angle.  Alternatively, the larger diameter may have exaggerated the roughness of the 
compact due to imperfect packing of the seeds.  Surface roughness is considered to add 
complications to the measurement of contact angles in addition to the degree of silanisation 
(surface chemistry).  Cassie (1948), when investigating the large contact angles found on yarn by 
other authors, stated that the unusually high contact angles observed on the sample were likely to 
have originated from the high porosity of the yarn.  It can be thus inferred that the surface 
roughness of the samples analysed will be dependent on the degree of roughness coupled with the 
surface hydrophobicity.  When compressing the powders into a tablet, it is considered that the 
results are not as consistent as when on a perfectly flat surface, due to the presence of cracks or 
pores within the seeds (2009).  Pores between the tableted seeds allow air entrapment; air is 
hydrophobic, which would increase measured contact angles.  Pores between the seeds also gives 
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rise to uneven surfaces for the probe liquid, which affects the equilibrium contact angle.  Despite 
attempts to keep the degree of silanisation uniform (e.g. length of time to silanise, method of drying 
seeds), the hydrophobicity of different seed sizes proves to be a challenge.  The same challenges 
were encountered by Rabinovich and Derjaguin (1988) when hydrophobising silica filaments, such 
that the differences in their contact angles amounted to several degrees.  For comparison, methyl 
functionalised silica filaments through the silanisation with vapour dichloromethylsilane produced 
an advancing contact angle of 100˚ for Rabinovich and Derjaguin (1988).  The differences between 
the contact angles from the samples shown here and that reported by Rabinovich and Derjaguin 
may lie naturally in the nature of the samples, the method of preparation and most significantly in 
the degree of hydrophobisation. 
 
Figure 23: Zeta potential of functionalised silanised silica seeds in deionised water pH 7.4 (literature comparison from 
Wu et al., 2006) 
 
Figure 23 shows the zeta potential of the seeds was characterised in deionised water as this medium 
reflected the conditions of the paracetamol crystallisation solution conditions.  It is important to 
understand the zeta potential or the potential surface charge of the functionalised seeds in similar 
conditions, as the surface interactions of the functionalised seeds together and with the 
paracetamol solute and crystals can be better investigated.  The amine, methyl and fluoro 
functionalised groups may exhibit a net positive, neutral or even negative net charge depending on 
the pH of the solution (Soto-Cantu et al., 2012).   
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As seen in Figure 23 the zeta potential of the methyl functionalised seeds is in the range of 0 to -
10mv or near neutral.  This means that there is a low surface charge on the methyl functionalised 
seeds, which would make the seeds prone to agglomeration within the solution.  Similar findings can 
be seen for the fluoro functionalised seeds.  The low surface charge means that the functionalised 
seeds would exhibit weaker electrostatic repulsion between the particles as the magnitude of charge 
is dependent on the density of charges on the surface (Bishop et al., 2009) and the repulsive forces 
are proportional to the square of the zeta potential (surface charge density).  Low electrostatic 
repulsion between the seeds leads to the attractive van der Waals forces to dominate the 
interparticle forces, resulting in agglomeration of the seeds. 
The zeta potential of the amine functionalised seeds is also low but with a positive net charge.  The 
source of the positive net charge is from dissociation of the amine group that can self-bond with the 
silanol hydroxyl on the surface of the silica particle.  This ‘back bonding’ as described by Bagwe et al. 
(2006) reduces the surface charge of the silica particles, resulting in a charge that is positive due to 
the amine ion (NH3
+).  The change in the surface charge post silanisation suggests that the addition 
of amine groups on to the seed surface reduces the electrical double layer surrounding the silica 
particles, which would make them also prone to aggregation in the solution.  The decrease in the 
zeta potential of the amine functionalised seeds in addition to the change in net surface charge, is 
evidence that the surface of these seeds were successfully functionalised with the amine function. 
 
3.1.5 Janus Seeds Synthesis 
Materials 
Silica sized 250nm, 500nm and 1µm in diameter (Sigma-Aldrich, Dorset, UK) were used without 
further purification prior to the Janus synthesis process.  Analytical grade water was used as received 
as were Paraffin wax (Sigma-Aldrich, Dorset, UK), and Ethanol (>99%, Fisher Scientific, 
Loughborough, UK).  Cetyltrimethylammonium bromide (99%, Sigma-Aldrich, Dorset, UK) was used 
without further purification.  Trimethoxy(3,3,3-trifluoropropyl)silane (>97%, Sigma-Aldrich, Dorset, 
UK), Dichloromethylsilane (>99.5%, Sigma-Aldrich, Dorset, UK), and (3-aminopropyl)triethoxysilane 
(>97%, Sigma-Aldrich, Dorset, UK) were used without further purification for the partial 
functionalisation of the silica seeds to obtain trifluoro, methyl and amine functionalised surfaces 
respectively during the Janus preparation.  HPLC grade hexane (Fisher Scientific, Loughborough, UK) 
was used to dissolve off the wax.   
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Synthesis Method 
Paraffin-in-water (Pickering) emulsions were prepared in batches of 1.20g according to the protocol 
by Perro et al. (2009) and Hong et al. (2006).  The silica was mixed with 20ml of water.  Because of 
the silanol groups on the silica surface, it was necessary to slightly hydrophobise the surface before 
adding 6.00g of melted wax to the solution.  The surfaces were slightly hydrophobised by the 
addition of 1.43mg CTAB surfactant to the solution.  The solution was mixed for 20mins at 80°C 
before being homogenised using a Silverson 18831 high speed mixer for 5minutes to achieve the 
emulsion droplets.  The solution was allowed to cool to room temperature before being washed for 
three times to remove the weakly attached silica particles.  The non-wax covered side of the 
solidified emulsion droplets was then reacted with reagent silanes as according to the silanisation 
protocol in the presence of 20ml ethanol for 24hours (as seen in Figure 24). The volume of the silane 
reagents were calculated according to the non-porous surface area of the particles and under the 
estimate that approximately 15 hydroxyl groups per nm2 are present on the surface of the silica 
particles (Perro et al., 2009).  After 24hours the solution was filtered and washed with ethanol three 
times to remove the unreacted silanes.  The silica particles were released from the wax by washing 
the emulsions three times with 20ml of hexane at 40°C.  In the case of two functionalities on the 
Janus particles, the newly uncovered side was functionalised in the presence of 20ml ethanol at 40°C 
for a further 24hours.  The Janus particles were then centrifuged and washed further in ethanol 
before being dried in a vacuum oven at 100°C for 4hours.   
 
Figure 24: Schematic of Janus seeds preparation 
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3.1.5.1 Janus Seed Characterisation Results and Discussion 
Here the results of the characteristics of functionalised Janus seeds will be discussed.   
  
  
  
Figure 25: Pickering Emulsion Janus particles (Wax internally, Janus seeds external) 
As seen in the micrographs in Figure 25 the Janus seeds were prepared by the Pickering Emulsion 
technique.  This technique involves the entrapment of the seeds on to the surface of the wax.  The 
external and exposed side of the seeds could thus be functionalised. 
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Figure 26: The zeta potential of the 500nm Janus functionalised seeds 
 
To determine the surface charge and charge density of the Janus particles, zeta potential analysis 
was conducted (Figure 26).   The zeta potentials of the Janus functionalised seeds indicate that 
potentially different particle interactions will occur between different Janus seeds within the 
paracetamol solution in comparison to when functionalised with only one functional group.  The 
movement of charge will be different to that when the seeds possess two functional groups.  For 
example, the zeta potential of the OH-NH2 Janus seeds reduces to near zero, meaning that the van 
der Waals repulsion forces will not suffice to overcome attractive forces leading to agglomeration of 
the Janus seeds in the solution.  Whereas there is a high and negative charge density on the hydroxyl 
(unfunctionalised) seeds; indicating good dispersion of the seeds in the solution.  The OH-CH3 and F-
CH3 Janus particles both exhibit high zeta potentials, with opposite surface charges.  This means that 
the repulsive forces between the seeds may reduce the risk of agglomeration of the Janus seeds in 
the solution.  The high zeta potential means that the seeds have a high charge density of their 
respective functionalities.  This means that the hydroxyl-methyl (OH-CH3) and fluoro-methyl (F-CH3) 
functionalised Janus seeds potentially contain a high density of the functional groups on the surface 
of the seeds.   
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Figure 27: FTIR spectra from the Janus functionalised seeds 
 
As seen in Figure 27 there are a few wavenumbers which indicate the successful synthesis and 
silanisation of the Janus seeds.  The transmission spectra allows for qualitative characterisation 
rather than quantitative characterisation of surface groups.  The most significant wavenumbers are 
those for the presence of the hydroxyl groups 3500-3300cm-1, which is absent from the fluoro-
methyl functionalised seeds.  The absence of the hydroxyl waveshift suggests that the majority of 
the surface groups were successfully functionalised with a non hydroxyl containing group. 
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Figure 28: The Janus functionalised seed size of the 250nm seeds 
 
 
Figure 29: The Janus functionalised seed size of the 500nm seeds 
 
83 
 
As seen in Figure 28, the Janus functionalised seeds experience a slight increase in the seed diameter 
from the unfunctionalised seed size.  The bimodal seed size distribution obtained in the 250nm Janus 
seeds with hydroxyl-fluoro (OH-F), and hydroxyl-amine (OH-NH2) functionalities suggests that these 
Janus seeds agglomerate when dispersed in water.  The introduction of a dual functionality in which 
there is a decrease in charge density on one side of the seeds, results in decreased electrostatic 
repulsive forces on one side of the seed.  As a result the van der Waals forces dominate the 
interparticle interactions and agglomeration arises.  The increase in the functionalised seed sizes 
corroborates with the findings of Vansant et al. (1995).  When incorporating an organofunctional 
group on to the surface of silica, there will not be perfect monolayer coverage.  Areas of the seeds 
will exhibit a higher functionalised density than others, affecting the dispersion of the seeds in 
solution.  The 500nm Janus functionalised seeds exhibit sufficient electrostatic repulsion between 
the seeds such that they remain well dispersed within the water (Figure 29); such is the expected 
case in the paracetamol solution, that these seeds will also remain fully dispersed with little 
agglomeration. 
 
Figure 30: Nitrogen sorption isotherms for the Janus functionalised seeds 
Janus seed 
functionality 
OH-CH3 OH-F OH-NH2 NH2-CH3 F-CH3 
Seed Surface 
area (m2/g) 
(standard 
deviation) 
6.77 (+/-0.7) 11.99 (+/-0.5) 3.45 (+/-1.2) 3.78 (+/-0.8) 4.26 (+/-1.6) 
Table 8: The surface areas of the 500nm Janus functionalised seeds 
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In the same fashion as the functionalised seeds, the Janus functionalised seeds exhibit a decrease in 
the surface area subsequent to the covalent bonding of the silane groups (Table 8); except for the 
hydroxyl-fluoro (OH-F) functionalised seeds which exhibit an increase in comparison to the 9m2/g 
(+/-2) of the unmodified 500nm seeds.  The increase in the surface area may have resulted from 
increased surface roughness of the OH-F Janus seeds. 
The hydroxyl-fluoro (OH-F) and hydroxyl-methyl (OH-CH3) Janus functionalised seeds exhibit the 
greatest surface area.  Potentially the Janus combination of strongly negative surface charge (OH) 
and little to neutral surface charge (CH3, or F), results in large intra-pores, as shown by the large 
hysteresis in Figure 30.  The amine functionality in the NH2-CH3 Janus seed appears to have reduced 
the surface area of the seeds in comparison to the solely methyl functionalised seeds.   The same is 
observed to have occurred to the F-CH3 seeds, indicating that the presence of the fluorine containing 
silanol reduced the available surface area of the seeds. Two potential reasons have been considered 
for the reduction in the surface areas.  Firstly, due to the different molecular sizes of the 
functionalities, the smaller functions such as the fluoro and long amine containing silanes were able 
to enter into the pores of the seeds and reduce the external surface area of the seeds.  The larger 
and bulkier methyl group, due to steric hindrances were unable to fit into the pores in high number 
(Hua and Smith, 1992, Vansant et al., 1995).  Secondly, the silanisation of the near neutral methyl, 
and fluoro functions onto the seeds would have permitted the attractive van der Waals forces to 
dominate, leading to agglomeration of the functionalised seeds; thus reducing the external surface 
area. 
 
3.1.6 Synthesis of Zinc Oxide Seeds 
Materials 
Reagent grade zinc acetate dihydrate (Sigma-Aldrich, Dorset, UK), analytical grade water, potassium 
hydroxide (85-100.5%, VWR, Leicestershire, UK) and ammonium hydroxide (BDH Prolabo, VWR, 
Leicestershire, UK) were used as received without further purification in the synthesis of amorphous 
and crystalline zinc oxide seeds.   
Synthesis Methods 
In the synthesis of amorphous and crystalline zinc oxide, the protocols published by Xu et al. (2004) 
and Chittofrati and Matijevic (Chittofrati and Matijevic, 1990) were used.  The zinc oxide seeds were 
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prepared in batches; for the synthesis of amorphous spherical particles, 4.80g of zinc acetate was 
dissolved in 26ml analytical grade water under vigorous agitation.  The morphological catalyst 
potassium hydroxide was added in a solid form of 0.36g. The mixture was maintained under 
constant agitation for 2hours at 200°C, before cooling to room temperature.  The seeds were then 
filtered and washed five times in water before being dried in a vacuum oven at 120°C for one hour.  
For the synthesis of the crystalline zinc oxide particles, 0.025mol/L or 0.050mol/L ammonium 
hydroxide was used as the morphological catalyst.  The solution was agitated at 200°C, before being 
filtered, washed and dried in a vacuum oven at 120°C for one hour. 
3.1.6.1 The Synthesis of Zinc Oxide: Results and Discussion 
 
Figure 31: Synthesised zinc oxide seeds with a spherical morphology comparable to the silicon dioxide spherical shape 
 
Figure 32: Synthesised zinc oxide seeds with a plate hexagonal morphology 
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Figure 33: Synthesised zinc oxide seeds with an elongated hexagonal morphology 
The use of different morphological catalysts, similar to the Stöber synthesis of SiO2, produced 
different ZnO morphologies.  The synthesis of spherical shaped ZnO seeds using potassium 
hydroxide as the morphological catalyst (Figure 31) allowed for a direct comparison with spherical 
SiO2 seeds.  The use of increasing concentrations of ammonium hydroxide allowed for columnar 
hexagonal morphologies to result, as seen in Figure 32 and in Figure 33, to exploit the polar and non-
polar characteristics of the crystalline forms.  Unfortunately this method did not result in nano sized 
zinc oxide seeds for any of the three morphologies. 
 
Figure 34: The adsorption isotherm of the plate and elongated hexagonal morphologies of the crystalline ZnO seeds 
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ZnO Seed Spherical  Plate hexagonal Columnar hexagonal 
Size (µm) 0.50 (+/-0.3) 3.00 (+/- 1.0) length 18.00 (+/- 2.0) length 
Surface area (BET) 
m2/g 
2.0 <2.0 <2.0 
Pore volume (m3/g) <0.005 <0.005 <0.005 
Table 9:  A summary of the surface area of the ZnO seeds. 
 
As seen in Figure 34, the nitrogen sorption isotherm of the seeds shows Type II shape according to 
the IUPAC classification (Sing, 1982).  Type II isotherms are usually indicative of slit shaped pores or 
in this case, cracks within the ZnO seeds.  As ZnO readily forms precipitates rather than gels 
(Chittofrati and Matijevic, 1990), solvent is rapidly expelled from the nuclei precipitates.  As such, 
the low entrapment of solvent reduces the internal pore volume and low surface areas result (Table 
9).  The absence of a significant pore volume in the ZnO seeds permits a direct comparison of the 
effects of the external seed surface area in facilitating surface nucleation through a reduction of the 
interfacial tension.  
 
Figure 35: Zeta potential of the three ZnO morphologies, with error bars.  The highest surface charge is obtained with 
the hexagonal platy crystalline seeds, corresponding to the greater relative importance of the polar faces. 
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As a result of the electrostatic strength on the different faces present on the ZnO seeds,  the seeds 
exhibit varying degrees of electostatic interaction when placed in water and exposed to an electric  
charge.  As seen in Figure 35 the highest surface charge is present on the hexagonal platy crystalline 
seeds.  The high charge density is attributed to the large relative importance of the (0001) and (000Ī) 
faces that are polar due to the surface termination with zinc and oxygen atoms respectively, which 
present an excess surface charge.  The polarity of these two faces of the crystalline platey ZnO seeds 
exerts high electrostatic repulsive forces between two like seeds, such that the seeds may remain 
dispersed in the solution (a minimum of 30mV is required for sufficient dispersion of two like 
bodies).  Such high repulsive forces are not expected for neither the spherical nor columnar 
hexagonal ZnO seeds.  Despite the latter with its crystalline morphology and the presence of the two 
polar faces, the relatively low morphological importance of the polar faces reduces the effective 
repulsive forces between the seeds.  Hence the van der Waals attractive interactions of the spherical 
and columnar hexagonal seeds may lead to agglomeration of theses seeds in the solution, reducing 
the effective external surface area of the seeds in the solution.  
 
 
Figure 36: The X-ray diffraction patterns for the two crystalline ZnO seeds (Reference peaks from Albertsson et al., 1989) 
To confirm the synthesis of the wurztite zinc oxide seeds, XRD was employed (Figure 36).  The high 
diffraction intensity obtained at 2θ=37˚, is due to the (10Ī0) non-polar facet of the crystalline seeds; 
the higher the relative morphological importance of this facet, as in the case with the columnar 
hexagonal zinc oxide seeds, the higher the intensity of the diffraction pattern at this angle. 
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3.1.7 Titanium Dioxide Seeds 
Materials 
The titanium dioxide seeds (TiO2 P25, Evonik Degussa GmbH, Frankfurt am Main, Germany) were 
used as received. 
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3.2 Characterisation Techniques 
For the characterisation of the heterogeneous seeds and for the product crystals the following 
characterisation techniques were employed.  A brief background is provided for each technique 
followed by the method conditions. 
3.2.1 Light Scattering 
Light scattering comes under the general interference of light known as diffraction.  Diffraction is the 
interference of a light ray that results in the change in the velocity and speed.  Reflection of light is 
when the incident ray has its direction changed in the opposite direction to that which is arrived.  
Refraction of light is when a ray experiences a change in the direction and speed as it interferes with 
a boundary layer at another medium, for example light through air and water. Scattering occurs 
when light hits the body of a particle and experiences a change in the direction and energy by 
splitting into different directions with different wave speeds (Jones, 1999). Although some of the 
incident light will be absorbed by the body, the majority of the light will be scattered, which allows 
for characterisation of the body or particle. 
Light scattering has been employed in non-invasive characterisation of organic and inorganic 
particles as early as the 1960s after Lord Rayleigh used the technique in 1871 to explain why the sky 
is blue to the human eye.  Using the theory of light scattering Rayleigh was able to explain that the 
sky looks blue because the short wavelength part of the light spectrum (blue) from the incident sun 
light was scattered more strongly than the longer part of the spectrum (the red light) (Shaertl, 2007). 
Light scattering can be either elastic or inelastic (static); the elasticity refers to the degree of the 
frequency shift of the light as it undergoes temporal variation caused by the particles in the system.  
Particles smaller than 1µm suspended in a medium such as water, water-ethanol, acetone or 
toluene exhibit Brownian motion as a result of thermal density fluctuations within the system. The 
principle of Brownian motion is that particles suspended in a fluid move chaotically and randomly 
and are in constant collision with the other particles suspended, but predominantly in collision with 
the particles of the fluid medium.  The intensity of the chaotic collisions is increased with the 
increase of the system energy through the system temperature.  The average displacement of the 
particles undergoing Brownian motion can be quantified by the translational diffusion coefficient of 
the particles in the medium, ‘Do’.  The diffusion coefficient ‘Do’ is dependent on the system 
temperature (T), medium viscosity (µv) and the particle (hydrodynamic) diameter (Dp), and is 
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expressed through the Stokes’-Einstein expression (Finsy, 1994), where ‘k’ is the Boltzmann 
constant: 
   
  
      
 
Equation 12 
The particle size is not determined directly but rather indirectly through the determination of the 
diffusion coefficient.  This is done by relating the incident light wavelength to the time of decay of 
the scattered light.  The wavelength of the incident light is different to the wavelength of the 
scattered light due to the phase difference created once the light hits the particle body; the 
diffraction of the light with the moving particle body creates a Doppler shift effect where the 
scattered light moves at a faster or slower rate than the incident light depending on the speed of the 
particle in the medium.  The change in the speed of the wavelength is exhibited through the change 
in the wave vectors and through the intensity of the photons at the detector. Constructive 
wavelengths lead to an amplification of photons at the detector indicated by a high intensity.  
Wavelengths out of phase lead to destructive interference and a subsequent reduction in the 
intensity of photons at the detector. 
The intensity of light at the detector gives information concerning local fluctuations in the 
thermodynamic variables. Intensity is the energy flow per unit area (Van de Hulst, 1957).  When light 
passes through a material, the molecules within the material absorb photons and this causes a 
promotion of electrons to higher energy states than the ones that they were formerly in prior to 
excitation (Atkins and de Paula, 2002).  Upon relaxation of the electrons to lower energy states, 
photons are emitted in all directions as scattered light.  When this scattered light and the incident 
light beam pass through the medium and fall on the photocathode of the photomultiplier tube single 
photoelectrons are ejected.  These photoelectrons are multiplied by a cascaded secondary emission 
process to produce pulses of charge at the anode.  When the level of light is high, these pulses 
overlap causing an intensity peak on the curve.  The light intensity is measured by the anode current.  
At lower light levels fewer single photoelectrons are ejected, the pulses no longer overlap and the 
light intensity is proportionally lower to the fewer pulses. 
Small particles are those that have an order of size smaller than the wavelength of incident light, i.e. 
Dp≤λ/2π and Rayleigh theory applies (Van de Hulst, 1957, Shaertl, 2007).  Rayleigh scattering theory 
is that the scattered amplitude when multiplied by a function dependent on the orientation of the 
particle and on the angle that it makes with the direction of propagation of the incident light, both of 
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which are independent of polarisation; the result of which is a pattern exhibiting the strongest 
brightness in the angle of 90˚ (Van de Hulst, 1957).   However because there is an acceptable level of 
polydispersity in all small particles, the size deviations impact the intensity of light at the receiver.  
For Rayleigh scattering particles, the scattered light intensity is proportional to the particle size 
through (Finsy, 1994): 
            
  
Equation 13 
such that larger particles are at risk of being more heavily weighted when light intensity is and used 
for analysis.  When and if all particles are symmetric and homogeneous, there are no rotational 
differences or changes in the frequency. 
The dynamic light scattering method determines the diffusion coefficient from light scattered at a 
specific angle from the decay in the light intensity (photons) detected with time.  The rate of decay 
of the photons is transformed via a Laplace inversion using a CONTIN autocorrelation function on 
the COULTER N4 PLUS for particles sized 3nm-3µm in diameter.  The dynamic light scattering sizing 
instrument uses a 10mW Helium-Neon laser that emits a monochromatic light with a wavelength of 
632.8nm. 
Large particles are those which are greater in diameter than the wavelength of the incident light, i.e. 
Dp>> λ.  For such sized particles Fraunhofer theory is applied.  Fraunhofer diffraction characterises 
near forward scattered light and the extinction rate pattern to determine the particle size.  The 
particle size range of Fraunhofer theory is from 3µm to approximately 800µm and is used for the 
sizing of crystals in this study with a Mastersizer 3000 (Malvern Instruments, Worcestershire, UK) 
instrument.  The static laser light scattering method determines the light intensity as a function of 
the scattering angle (Shaertl, 2007).  Contributions from reflected and refracted scattered light are 
considered to be small (Hirleman in Gouesbet and Grehan, 1988).  Because the crystals will be of a 
cubic shape a conversion is carried out within the program to obtain an estimate of the crystal 
particle size.  Volume equivalent sphere dimensions are obtained from a hydrodynamic sphere 
radius which would produce similar volume dimensions as the characterised crystals.  
For example: 
                                
(               )     (               )       
93 
 
        
 
 
          
                   ,                        
Therefore,  
                   
     
 
 
   
Therefore, 
                            
One of the disadvantages of light scattering and especially elastic light scattering (dynamic light 
scattering) in comparison to static light scattering is that the results often vary from those obtained 
from other methods and the process tends to be biased towards particles of larger sizes or 
diameters (Brittain, 1995).  This was experienced by Van Blaaderen and Vrij (1992), who on analysis 
of their silica spheres, found that the average radii determined by (Transmission) electron 
microscopy was smaller than those obtained using both static and dynamic light scattering.  One 
explanation for this discrepancy is that light scattering deduces the particle’s hydrodynamic 
diameter (see Equation 12) through the Stokes’-Einstein equation, however due to the fact that the 
hydrodynamic diameter is typically larger than the geometric diameter as determined by electron 
microscopy, the former method will always result in larger characterisations.  The hydrodynamic 
diameter takes into consideration the particle double layer effect in the medium (see the DLVO 
theory mentioned in Electrostatic Forces) as well as the slight adsorption of water on to the particle 
surface.  These effects are not significant nor present in the dry phase analysis of the particles when 
using electron microscopy, where the smaller geometric diameter is determined (Van Helden et al., 
1981 and Tropea, 2007); other problematic factors include drying and shrinkage when electron 
microscopy is used which will be explained (in section 3.2.4). 
Other criticisms of photon correlation spectroscopy include the way in which the autocorrelation 
function converts the size distribution into computable data, which requires numerical Laplace 
inversion as outlined by Hanus and Plehn (in Milling, 1999).  Hanus and Plehn reported that the 
conversion is affected greatly by noise in the autocorrelation function data and that determining the 
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particle size distribution in decreasingly monodisperse solutions can become increasingly complex as 
most DLS do not reduce the problem but amplify it.   
One of the main advantages that outweighs photon correlation spectroscopy and in particular 
dynamic light scattering to other forms of sizing characterisation is that the degrees of sizing 
variations can be characterised and samples can be classified accordingly as being monodisperse or 
polydisperse.  Furthermore the light scattering technique is not affected by surface contamination or 
subsurface defects, as long as the roughness of the surface is small in comparison to the wavelength 
of light then surface topography effects are minimal (Stover, 1995).    
3.2.2 Zeta Potential Electrophoresis 
Particles in colloidal suspensions often carry a charge, especially if the medium is not at the pH 
whereby the dispersed particles have a zero charge, known as the iso-electric point (Dukhin and 
Goetz, 2002).  If the colloidal particles contain surface groups that can ionise in the medium, a 
charged surface will be present.  The surface charge and the strength of the charge are important as 
they determine how stable the particles will be in the medium at that pH.   
Zeta potential electrophoresis is the motion of the movement of charges between two phases e.g. a 
particle surface and the interface of a bulk liquid.  The formation and arrangement of charges at the 
interface of solid phase 1 (positive) and liquid phase 2 (negative) is known as the electrical double 
layer at the interface.  If the particles in phase 1 can be induced to move through the bulk liquid 
phase 2 by applying an electric field across the system, this is known as electrophoresis.  The analysis 
is a measurement of the “shear surface” around the particle.  The “shear surface” is a sheath around 
the outside of a particle, which when exposed to an electric charge moves along with a small 
quantity of the enveloping bulk liquid.  The degree of movement or mobility (velocity per unit 
electric charge) of the particles due to the application of an electric field provides a measure of the 
net charge on the surface of the solid surface with respect to the bulk liquid phase (Hunter, 1981). 
The importance of the zeta potential and the net surface charge relates to the role in controlling and 
influencing the stability of dispersed particles. 
Dispersed particles undergo Brownian motion due to thermal fluctuations that lead to their 
collisions.  Strongly developed double layers on the particles with high zeta potential create 
sufficient electrostatic repulsion between the particles and prevent agglomerates forming between 
the particles.   
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Therefore enhancing the zeta potential leads to more stable dispersions and consequently 
suppressing the zeta potential (electrostatic repulsion between the particles) causes agglomeration 
and flocculation.  A zeta potential value of approximately positive or negative 30mV indicates that 
the colloid will be stable at that pH (Dukhin and Goetz, 2002). 
3.2.2.1 Sample Preparation and Experimental Details 
Zeta potential characterisation was conducted using 500nm functionalised, and non-functionalised 
SiO2 particles, ZnO and TiO2 particles in water with a Zeta PALS potential analyser version 3.48 
(Brookhaven Instruments, Worcestershire, UK).  The 632.8nm (red) light was generated by a 35mW 
diode laser.  Characterisation of the zeta potential using phase analysis light scattering is based on a 
Doppler shift of the scattered light when compared to the incident light, due to the movement of 
the particles under the applied electric field.   
3.2.3 X-ray Diffraction 
X-ray diffractometry is used for the identification of the various solid polymorphic forms of a 
compound.  Solids can be either crystalline or non-crystalline (amorphous), and can also be a 
combination of both.  Local short range ordering of the lattice that occurs in crystalline materials 
allows for characterisation with X-rays. The degree of crystallinity helps to determine and quantify 
the states of lattice order. 
An atom or a group of molecules form the unit of the crystal pattern as described in the section on 
Space Patterns.  When waves from a source arrive at the crystal surface, the waves are diffracted.  It 
is through the interference of the light waves in the crystal body that X-ray diffraction occurs. 
The atoms and molecules that make-up the crystal unit are arranged in planes.  When a wave is 
passed over the crystal, the diffracted waves from the atoms and molecules in the planes combine 
to produce a wave front respective to that plane.  The wave front produced is considered to be 
reflected by that plane (Bragg and Bragg, 1924).  When the planes are in the same phase, the 
reflected wave fronts are amplified from the constructive addition of the waves. 
When a monochromatic wave hits the surface of a crystal, it is only when the diffracted wave has 
certain angles that the mentioned reflection of the resultant wave fronts occurs.  The reflection 
angle (θn) indicates the relationship between the wave length (λ) and the distance between the 
planes (d) of ‘n’ spacings apart through Bragg’s Law (Bragg and Bragg, 1924): 
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Equation 14 
The paracetamol molecule does not contain heavy atoms, and similar to other organic substances 
the plane spacings are relatively large; hence longer wavelengths from a Copper source with a K-
alpha frequency is used. 
An X-ray spectrum is classified into series of lines starting from K, L, M and so on.  The K series 
contains lines with the highest frequencies; these four lines are α1, α2, β and ɣ.  When the light ray 
hits the molecules, a collision between the photons in the X-ray and the atoms in the unit lattice 
occurs and some of the energy is absorbed and excites the series (Bragg and Bragg, 1924).  However 
as a result of the absorption of energy during the collision, an electron will be ejected from the atom 
(Guinier, 1963).  An electron will then move from for example an L ring to the K ring to replace the 
lost electron (Bragg and Bragg, 1924).  The atom then returns to its original ground state while 
emitting photons which are fluorescent X-rays (Guinier, 1963).  All elements contain the series of 
lines as the lines refer to the electron orbitals around the nucleus.  The emitted fluorescent X-rays 
are characteristic of the excited atom, and thus allow for the characterisation of the different 
diffraction patterns of various molecular crystalline structures.   
3.2.3.1 Sample Preparation and Experimental Details 
X-ray powder diffraction was performed using an X’Pert PRO diffractometer (PANalytical, Almelo, 
The Netherlands) with a Nickel filtered Cu K-α radiating anode (wavelength λ=1.5418Å) at an 
accelerating voltage of 40kV.  A flat plate Bragg-Brentano sample holder was employed filled with 
300mg of the ground crystalline sample.  The paracetamol product crystal samples were scanned 
over an angular range of 5-120˚, and the zinc oxide crystalline seeds were scanned over a range of 5-
40˚.  A step size of 0.02˚ was employed.  The diffraction pattern data was analysed using X’Pert High 
Score software, with structural identification confirmed with the accompanying package from the 
International Centre for Diffraction Data database (Newton Square, PA). 
3.2.4 Electron Microscopy 
Electron microscopy is a useful tool to study the surface topography, seed morphology and further 
analyse the crystal habit using a non-invasive technique. 
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A low voltage of 1-50 kV passed between a cathode and an anode leads to the acceleration of 
electrons.  The beam is demagnified by 2 or 3 stage electron lenses such that an electron probe with 
a smallest diameter of 10um is formed at the sample surface. 
EM images arise from the complete electron diffusion that results from the gradual depletion of 
electron energy through the lateral spreading from the large angle scattering of electrons.  Once the 
primary electron beam interferes with the surface of the sample, energy is dissipated through a 
range across the energy spectrum; consisting of secondary electron (SE), backscattered electrons 
(BSE), Auger electrons (AE) amongst other emissions (Reimer, 1985). 
Although the largest fraction of energy lost by the primary electron beam during interference with 
the sample surface is heat energy, SE and BSE are considered as the most important energy 
emissions as they are used most effectively to form the SEM image. 
Secondary electrons are generated from inelastic excitations of the electrons as the primary electron 
beam interferes with the sample surface.  As such secondary electrons possess low energy levels and 
can be easily collected by a positively charged collector grind placed close to the sample.  The 
secondary electrons are slowed down by the presence of a closely located positive collector grid and 
are repelled by the negatively charged sample surface.  The effect of acceleration and retardation 
results in a voltage contrast at the photon multiplier tube where negative (fast) areas appear bright 
and positively charged areas (slow) appear dark (Reimer, 1985). 
Backscattered electrons are emitted along a broader section of the spectrum than SE.  BSE are the 
result of deceleration of electrons that have undergone multiple energy losses as a result of the 
multiple scattering incidents through the surface levels of the sample.  In addition to this, on 
interference of the BSE with atoms and nuclei in the sample material, another emission of SE are 
emitted, contributing to the above mentioned effects of SE as will now be explained further. 
Both elastic and inelastic scattering processes lead to the changing trajectories of electrons through 
solids until the electrons lose energy and decelerate.  However how they lose their energy is 
different.   
In elastic scattering the trajectories of the electron beams within the sample are altered despite the 
conservation of collision energy, kinetic energy and the energy of momentum (Goldstein et al., 1981, 
Reimer, 1985). The direction of the velocity of the electron is changed but the magnitude of the 
energy contained within the electrons and or the atoms of interference remains constant (Reimer, 
1985).  The path of the scattered electron deviates in the range of 0-180˚ from the incident path as a 
result of the collisions with the atoms (Goldstein et al., 1981). 
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In inelastic scattering energy is transferred to the solid resulting in the generation of secondary 
electrons amongst other spectra.  The interference of the electrons in the primary incident beam 
with the sample surface leads to the ejection of loosely bound electrons in outer orbitals of atoms.  
These ejected electrons are of lower energy than the incident electrons and are the secondary 
electrons, with a characteristic energy of 0-50eV, which are utilised to build the micrographs.   
Transmission electron microscopy operates by diffraction of electrons through thin sample 
specimens through forward elastic scattering.  The limitations of TEM include the limited local 
resolution of the specimen sample in spite of the high resolution (Williams and Carter, 1996).  This 
means that only a very local part of the sample can be optically characterised at any one moment.  
Like SEM, TEM only provides 2-dimensional images of 3-dimensional specimens, and the 
morphologies of the specimens are averaged across the thin width of the sample.  There is no depth 
sensitivity in TEM images.  The electron beam is generated by accelerating the electrons across a 
potential drop, they travel through the sample where they are either scattered by the sample or 
they remain unaffected in their wave path (Williams and Carter, 1996).  As a result, a non uniform 
distribution of electrons results from the surface of the specimen.  It is the forward scattered 
electrons (<90˚) which help to build the image.  The constructive wavefronts build regions of high 
intensity in the image, seen as the specimen and the destructive wavefronts cancel out.  
3.2.4.1 Sample Preparation and Experimental Details 
Scanning electron microscopy was conducted on a TM-1000 tabletop microscope (Hitachi High-
Technologies, Tokyo, Japan) with a Tungsten source.  The dried samples were coated with gold to 
increase their surface conductivity.  Microscopy was carried out in a vacuum chamber using a 15kV 
acceleration voltage. 
Transmission electron microscopy was conducted using a JEOL 2010 instrument (JEOL Ltd., Japan).  
An accelerating voltage of 200kV was used.  Approximately 2mg of the sample was dispersed in 
ethanol and sonicated for 3minutes.  The dispersed sample was deposited onto a carbon coated 
copper grid (Agar Scientific, Essex, UK), and dried at room temperature before the samples were 
characterised. 
3.2.5 Nitrogen Gas Sorption 
Surface area characterisation of the particles is most easily and reliably performed using gas 
adsorption, a non-destructive method that allows the samples to be used post characterisation.  
Evidence of pores (micro-, meso-, or macropores), their shapes and their distribution across the 
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sample can be well determined.  The International Union of Pure and Applied Chemistry (IUPAC) 
considers three main pore sizes as (Hosokawa et al., 2007): 
 Pore Diameter (Pd)<2nm : Micropores 
 2nm<Pd<50nm : Mesopores 
 Pd>50nm : Macropores 
The IUPAC also classifies that gas adsorption using the Brunauer, Emmett and Teller (BET) technique 
is a standard method for surface area characterisation (Sing, 1982).  The BET technique calculates 
the surface area of the sample by deducing the monolayer capacity of the adsorbent which is the 
volume of the adsorbate required to form a layer on the adsorbent.  The monolayer capacity is 
defined according to Gregg and Sing (1967), and cited in similar terms elsewhere as ‘the quantity of 
adsorbate which can be accommodated in a completely filled, single layer of molecules on the 
surface of the solid’.  Brunauer, Emmett and Teller built upon the theory proposed by Langmuir in 
1916 concerning the interchange of molecules between the bulk gas phase and the adsorbed film 
that formed on the surface of the adsorbent with changes in the vapour pressure.  According to the 
theory by Langmuir, each site on the adsorbate can only adsorb one molecule (Gregg and Sing, 
1967), as shown in Figure 37. 
 
Figure 37: The formation of a monolayer as described by Langmuir in 1916 (Gregg and Sing, 1967) 
Evaporation and condensation can occur in the second and higher layers above the first adsorbed 
layer, but it is assumed that there are strong physical bonds between the monolayer, Xm, and the 
adsorbent.  In the Langmuir Equation for Type 1 isotherms, X is the number of molecules in the 
incompleted monolayer and P is the system pressure  (Lowell, 1984), as shown in the following 
equation: 
 
  
 
  
    
 
Equation 15 
C is a gas dependent constant that allows the average heat of adsorption in the first layer to be 
determined; E1 is the minimum energy of adsorption in the first layer, EL is the heat of liquefaction, R 
is the gas constant and T is the temperature, expressed as  (Brunauer, 1945) :  
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Equation 16 
Brunauer, Emmett and Teller developed Langmuir’s monolayer theory in 1938 and predicted that 
these interactions also occurred in the higher layers known as multilayers. The BET theory considers 
that the process is a reversible physical process in which the gas adsorbate molecules are 
physisorbed onto the surface of the adsorbent (Figure 38).  The molecules require a minimum energy, 
E1, to overcome the attractive van der Waals forces between themselves and the adsorbent in the 
monolayer layer.  This minimum requirement energy is known as the energy of desorption.  
The main assumptions by Brunauer, Emmett and Teller are that: 
i. ‘The heat of adsorption in the second and higher layer is equal to the heat of 
liquefaction’, EL, thus E2=E3=En=EL, (Brunauer et al., 1969) and 
ii. ‘That the evaporation-condensation constants in all layers above the first 
are identical.’ (Sing et al. 1967) 
 
Figure 38: The BET theory for multilayer adsorption (Oscik, 1982) 
The theory also assumes that when the pressure of the system, P, becomes equal to the saturated 
vapour pressure, Po, the adsorbate gas vapour condenses as a liquid film on the surface of the 
adsorbent, and that the number of molecules and molecular layers tends to infinity.  This last point is 
one of the main theory progressions of Brunauer, Emmett and Teller on Langmuir’s theory.  The 
interactions in the first adsorbed layer next to the adsorbent operate between molecules of the 
adsorbent and the adsorbate, and Brunauer, Emmett and Teller believed that at some point of the 
isotherm the completion of the first layer would be seen.  The first levelling off in the isotherm gives 
the number of molecules in a complete monolayer and then the absolute surface area of the 
adsorbent can be calculated as the area occupied by one molecule of the adsorbate (N2) (Brunauer, 
1945). 
To achieve the formation of multilayers to include pores within the adsorbent, an increase in the 
system pressure, P, is required and thus the technique is carried out to determine the monolayer 
capacity, which is directly proportional to the specific surface area.  The linearised BET equation is 
often shown as  (Brunauer, 1945); where  Xa is the moles of the gas adsorbed per gram of adsorbent 
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when the gas pressure is P, forming monolayer Xm. C is a constant that is dependent on the heat of 
adsorption and latent heat of liquefaction of the gas, and Po is the saturation gas pressure at the 
temperature used. :  
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Equation 17   
The change in system pressure, P, with respect to the saturated vapour pressure, Po, can be 
expressed graphically showing the amount adsorbed onto the surface of the material.  As the system 
pressure is reduced back from P/Po= 1 to P/Po= 0 and the desorption curve follows exactly the 
adsorption curve the isotherm is deemed fully reversible.  However in the instances that the 
desorption curve does not follow the adsorption curve back, then a hysteresis loop with respect to 
pressure occurs.   
A hysteresis loop shows the reluctance of the adsorbate to desorb from the surface of the adsorbent 
during decreasing system pressure.  The reduced desorption is due to adsorbed gas impurities 
(mostly air) that inhibit wetting of the adsorbate on the surface and capillary condensation. 
From a plot of the change in relative pressure with respect to moles of gas adsorbed against the 
change in the relative pressure, the gradient indicates the monolayer capacity.  From a knowledge of 
the monolayer capacity the specific surface area, S (m2), can be calculated from a calculation used to 
infer particle surface area from gas sorption.  Where Xm is the monolayer capacity expressed as 
grams of adsorbate per gram of adsorbent, M is the molecular weight of the adsorbate, and N is 
Avogadro’s constant (6.02 x 1023 molecules per mole), and Am is the molecular cross sectional area of 
the adsorbate (Gregg and Sing, 1967): 
  
           
   
 
 
Equation 18 
The isotherms are not real but in fact imaginary based upon characteristics and trends observed 
(Oscik, 1982, Hosokawa et al., 2007), but the curves were thought to be a reflection of the molecular 
interactions between the adsorbate and adsorbent (Figure 39):   
 Type I: There is a strong interaction between the adsorbate molecules and adsorbent 
surface, such that this type corresponds to the Langmuir isotherm and the curve tends 
monotonically to the limiting adsorption maximum reflecting the formation of a monolayer, 
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which is best interpreted by the Langmuir theory.  This type is typical of microporous pores 
on the adsorbent. 
 Type II: This type of curve arises from the formation of multilayer adsorption that results 
from the strong interaction between the adsorbate and adsorbent and is greater than the 
interaction between the molecules of the adsorbate; where E1>EL in Equation 16. 
 Type III: It is considered that there are weak forces between the adsorbent and adsorbate 
molecules, i.e. E1<EL in Equation 16. 
 Type IV: This type of interaction reflects that which is strong between the adsorbate 
molecules and the adsorbate molecules and the adsorbent.   
 Type V: A progression of Type III, Type V reflects the weak interactions between the 
adsorbate molecules and the adsorbent.  At low pressures very little adsorption occurs 
because of the weak interactions between the adsorbate and adsorbent.  As soon as some 
adsorption takes place the large dipole attraction between the adsorbate molecules allows 
further adsorption to proceed more easily, leading to a rise in adsorption until the capillaries 
are filled.  The adsorption maximum is achieved at a pressure lower than that of the 
saturated vapour Po.  
  
Figure 39: The five types of adsorption isotherm in physical adsorption (Sing, 1982) 
3.2.5.1 Pore Shapes and Sizes 
As mentioned, the curve of the adsorption-desorption isotherm gives an indication of the types of 
molecular interactions occurring during the changes in the system pressure.  They also give an 
indication of the types of pores present, such as the shape and the pore size distribution and range if 
a pore sizing model is used.  These models are based upon the types of molecular interactions during 
sorption.  The IUPAC also give classifications of the various types of hysteresis that may be observed 
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during gas sorption (see Figure 40) (Sing, 1982), but the most frequently observed pore shapes tend 
to be cylindrical (or tubular), slit shaped (or v-shaped), ink bottle shaped (narrow necked large 
bodied pores) or simply open ended.  These hysteresis were classified by De Boer as early as 1958 
(De Boer, 1958), and it is from these types that the IUPAC classification are based. 
 
Figure 40: The classification of sorption hysteresis given by the IUPAC (Hosokawa et al., 2007).  The horizontal 
axis for all curves is P/Po, the change in the system pressure (P) with respect to the adsorbate saturation 
pressure (Po).  The vertical axis for all curves is quantity of the adsorbate adsorbed. 
Not all literature is in complete agreement as to how the hysteresis are to be described, but as Do 
states (Do, 1998), 
 ‘If the hysteresis loop is vertical and the adsorption and desorption branches are parallel to 
each other, the pores are tubular in shape [or] open at both ends’, e.g. image H1 in Figure 
40  
 In the event that the adsorption branch is inclined and the desorption branch is vertical, 
then the pores are ink-bottle shaped or are deformed tubes or capillaries (Oscik, 1982), as 
seen by image H2 in Figure 40 
 If the ‘adsorption branch is flat and the desorption branch is inclined…..tapered slit pores’ 
are the characteristic type pores on the sample, for example H3 
 And in the event that the ‘hysteresis is very flat and parallel, the pores have slit shape with 
parallel walls’, for example H4 
In addition to these IUPAC hysteresis loops are two more hysteresis which are not in the 
classification given by the IUPAC, but are often referred to in various literature as the above 
mentioned hysteresis do not cover all forms of deviation.   
If the pores are capillary shaped they can give rise to an increase in the surface area of the solid if 
they are wide enough for the adsorbate to enter.  Should the adsorbate enter, then the molecules 
will experience a greater attractive force compared to the forces on an open surface.  At lower 
104 
 
pressures the adsorbate molecules fill and condense in the capillaries.  If the pores have shapes 
which hinder the adsorbate molecules on entry and exit during adsorption and desorption such as 
with narrow necked ink-bottle shaped pores, then the adsorption isotherm reflects the fraction of 
‘trapped’ molecules in the desorption curve, leading to the formation of an adsorption hysteresis.  
Although pore shapes can be a variety of shapes, surface pores consist mostly of Ink-bottle cavities, 
capillary shaped, tubular pores with narrow open ends and constrictions or spheroidal cavities; and 
pores between particles are mostly v-shaped pores (Gregg and Sing, 1967) (see Figure 41). 
 
Figure 41: The various types of pore structure possible, along with the effect on the shape of the sorption 
isotherm (Oscik, 1982) 
To characterise the pore size distribution another technique during the sorption process is used 
which assumes that capillary condensation occurs within a cylindrical pore.  As the system pressure 
(P) increases towards saturation pressure (Po), liquid nitrogen condenses in cylindrical pores forming 
a film with a thickness, with a contact angle of zero, allowing complete wetting to occur within the 
cylindrical pore. 
The radius of the cylindrical pore is considered to be the sum of the thickness of the liquid nitrogen 
film and the radius of the condensed liquid nitrogen in the capillary and is based upon the Kelvin 
equation for vapour pressure of a small droplet in a capillary (Brunauer, 1945).  Various models are 
incorporated into nitrogen sorption techniques but the Barrett, Joyner, and Halenda or BJH method 
is especially applicable to relatively coarse porous adsorbents such as silica powders (Barrett, 1951) 
and the mesoporous region (Hosokawa et al., 2007). 
Despite the development of the Langmuir theory by Brunauer, Emmett and Teller, the BET theory 
receives many criticisms:  Gregg and Sing (1967) outlined the arguments against the BET model, for 
example the assumption that all adsorption sites are equivalent, despite the surface of most solids 
being heterogeneous; this argument complicates the characterisation of surface areas.  The BET area 
is computed from the low pressure part of the isotherm (Barrett, 1951).  As a result the equation 
105 
 
prediction is too small at low pressures and too large at high pressures (Oscik, 1982); the ideal 
relative pressure range for the model is between 0.05 < P/Po  < 0.35 (Brunauer, 1945).  Furthermore 
the BET model ignores horizontal interactions between the adsorbate molecules within the 
adsorbed layer.  Therefore when higher pressures are present in the system increasing maximum 
coverage of the adsorbent, the molecular horizontal interactions also present must be overcome 
during evaporation and condensation.  In addition if the adsorbent is extremely small with fine or 
narrow pores ‘nitrogen adsorption may give erroneous results’ as experienced by Emmett 
(Brunauer, 1945).  Brunauer suggested that in many instances the BET equation does not correctly 
measure the micropore surface area of the adsorbent, but rather that the surface area predicted by 
the BET method is an underestimation when the adsorbent is highly microporous. 
3.2.5.2 Sample Preparation and Experimental Details 
For the nitrogen sorption characterisation of the dried seeds 500mg was conditioned under a helium 
purge system at 120˚C for 24 hours to remove all physisorbed water.  A Micromeritics Tristar 3000 
(Micromeritics, Norcross, USA) system with nitrogen gas was used for the measurement of the 
isotherms at -195.8˚C.  The surface area was calculated using the BET method.  The pore size 
distribution and pore shapes were determined using the BJH method with the Micromeritics Analysis 
Software (Micromeritics, Norcross, USA). 
3.2.6 Fourier Transform Infra-red Spectroscopy 
Fourier Transform infrared (FTIR) spectroscopy is the application of infrared light interfering with 
matter.  Light consists of electric and magnetic waves which travel in planes perpendicular to one 
another.  Furthermore the electric and magnetic waves traverse in a plane perpendicular to that of 
the light plane.  The electric part of light, known as the electric vector, interacts with molecules 
when passed over the sample matter (Smith, 1996).  As the incident infrared beam interacts with the 
sample, heat energy is absorbed by the sample.  This heat energy causes the chemical bonds on the 
sample to vibrate.  The dipole moment of the molecule forming the functional group must change in 
order for a vibrational action of the functional group to absorb infrared radiation (Stuart, 2004).  The 
greater the change in the dipole moment of the molecule, the greater the intensity of the absorption 
band (Stuart, 2004).  The chemical bonds absorb certain amounts of energy characteristic to their 
functional groups; this specific amount of energy absorbed correlates to specific wavenumber 
ranges (Smith, 1996).  The amount of energy absorbed by specific functional groups is independent 
of the absorbance of the rest of the molecular structure or other functional groups (Smith, 1996). 
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There is a direct relation between the wavenumbers, the heat absorbed and the functional groups 
on the molecule (Smith, 1996); which allows for an identification of the molecular infrared spectrum 
and functional groups.  The wavelength of light is the distance between the peaks and troughs of the 
sinusoidal shaped amplitude for the electric vector.  There exist three main regions in the infrared 
spectrum consisting of the far infrared (<400cm-1), the mid-infrared region (4000-400cm-1), and the 
near infrared region (13000-4000cm-1). 
3.2.6.1 Sample Preparation and Experimental Details 
FTIR spectroscopy was conducted on dried functionalised and Janus functionalised samples on a 
Spectrum 100 spectrometer (Perkin Elmer, Buckinghamshire, UK).  Each scan lasted for 2mins in the 
wavenumber range of 4000cm-1 to 600cm-1.  Scans were conducted three times per sample, and 
averaged transmittance spectra were used for spectral interpretation.  
3.2.7 Contact Angles and Wetting 
The liquid sessile drop contact angle technique is one of the most common techniques used to 
characterise the wettability of a solid surface; this method is highly suitable for a perfectly flat and 
smooth surface such as a glass slide.   
The liquid sessile drop, a form of static contact angle measurement, is a free standing drop of one of 
the standard probe liquids that have a known free surface energy such as water, diiodomethane or 
ethylene glycol.  When the liquid droplet comes into contact with the solid surface and is released 
from the (pipette) source, a three phase contact point is formed which are used in the Young-
Laplace equation that relates the contact angle to the surface free energy of the solid.  The surface 
free energy is the free energy change that is associated with the formation of the interface between 
two phases.  The free energy refers to the excess free energy that the molecules possess due to 
being present at the interface (Jaycock and Parfitt, 1986). 
The three phase contact point occurs between (1) the liquid droplet and the solid surface, (2) the 
solid surface and the liquid vapour and (3) the liquid vapour and the liquid droplet.  The measured 
contact angle is the angle between the tangent of the droplet at the contact point with the solid 
surface and the droplet surface (as shown in Figure 42).   
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Figure 42: The droplet shape of a liquid in contact with a solid surface where θ < 90 
Once equilibrium between the three phases has been made, the Young’s equation can be used to 
determine the surface energy of the solid in contact with the liquid vapour (γsv) through (Tressaud et 
al., 2010, Young, 1805): 
                 
Equation 19 
Where γsL is the interfacial energy between the solid and the liquid, γLV is the surface tension of the 
liquid, and θw is the contact angle of the liquid on the solid surface.  It then follows that the contact 
angle is highly dependent on the surface tension of the liquid and on the surface free energy of the 
solid substrate. 
The liquid droplet is held in its hemispherical shape by tensile forces from the surface tension 
between the droplet and the solid surface.  The shape depends on the magnitudes of the cohesive 
forces that exist within the liquid and also on the adhesive forces which exist between the solid and 
the liquid (Young, 1805).  Low contact angles occur with liquids with low surface tension; there is a 
higher molecular adhesion between the solid and liquid than molecular cohesion between the 
molecules of the liquid.  Cohesive forces are more dominant in liquids with a high surface tension as 
these liquids exhibit a large and finite contact angle. 
3.2.7.1 Sample Preparation and Experimental Details 
Approximately 1g of the functionalised dried seeds were compacted using a 10mm diameter 
stainless steel die (Specac, Berkshire, UK).  Up to 5000kg (5tonnes) were exerted on the seeds via a 
manual compaction to form a compact tablet before being immediately employed in contact angle 
measurements. 
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A droplet of 5µL deionised water (for the hydrophobic functionalised surfaces) or diiodomethane 
(for the hydrophilic functionalised surfaces) was dispensed on to the tablet surface.  The droplet 
shape was monitored using a charge coupled device (CCD) camera and analysis was employed using 
the Drop Shape Analysis software (Krüss GmbH, Hamburg, Germany).  A minimum of 16 contact 
angle measurements were taken on two tablet surfaces.  Measurements were conducted at room 
temperature (20 ± 2˚C). 
3.3 The Metastable Zone Width Determination of Paracetamol 
Materials 
Paracetamol powder (>98%, Sigma-Aldrich, Devon, UK) was used as received, as was analytical grade 
water.  Saturated solutions were made at 78˚C at concentrations of 60g paracetamol /1L water.   
To measure the metastable zone width (MSZW) for the operating conditions of paracetamol 
crystallisation, an Autolab reactor (Hazard Evaluation Laboratory Ltd, Hertfordshire, UK) was 
employed.  A linear cooling operation in the programme was developed to detect the ‘cloud’ and 
‘clear’ points using a turbidity meter (Mettler Toledo, Leicester, UK) with a near infra-red light 
source.  The conditions of the programme were to reflect the crystallisation conditions used 
throughout the study: 250ml batch volumes, 200rpm and cooling and heating rates of 0.2˚C/min 
were used.  These conditions were based on preliminary crystallisation conditions used to optimise 
the batch process.  Batch volumes in the range of 250ml and greater would facilitate easier scale up 
for pilot plant investigations.  Equally, to ensure material efficiency, batch volumes in the range of 1L 
were avoided.  For the batch volume chosen, an agitator speed less than 100rpm was insufficient at 
keeping the seeds and crystalline product suspended.  Agitator speeds higher than 300rpm led to 
high collision effects on the product.  A slow heating rate less than 0.6˚C/min which reflected those 
used in pilot plant batch operations was necessary to allow complete crystal growth of the 
compound.  The gain of the turbidity indicator was kept constant for all subsequent batch 
conditions.  The cloud point was identified as the double of the baseline offset value.  Complete 
turbidity (>1.2%) indicated that the solution was cloudy.  A decrease in the turbidity from 
approximately 1.2% to the baseline offset value indicated that the crystals had dissolved.  The 
temperature at which dissolution occurred provided the clear point at that concentration.  The 
values for both the cloud point and clear points provide the boundaries for the nucleation curve and 
solubility curve respectively, and thus the metastable zone width. 
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Paracetamol concentrations in batch volumes of 250ml of water were investigated: 20g, 30g, 40g, 
50g, 60g and 70g.  The following process steps were employed twice per concentration: 
1. Initial mixture heated to 80˚C to ensure complete dissolution 
2. Solution held for 20 mins to achieve solution homogeneity 
3. Saturated solution cooled at a rate of 0.2˚C/min to 5 ˚C  
4. Solution heated to 80˚C/min at a rate of 0.2˚C/min to achieve clear point  
5. Solution held for 30 minutes 
6. Steps 3, 4 and 5 repeated 
7. Solution heated to 80˚C to ensure complete dissolution 
8. Process ended and recommenced with fresh solution at required concentration conditions 
In order to confirm that the curves show good agreement with literature values (Granberg and 
Rasmuson, 1999), these points are also shown on the metastable zone width figures (Figure 43 and 
Figure 44). 
 
Figure 43: The cloud and clear point determination turbidity plot for 25g Paracetamol/L water 
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Figure 44: The cloud and clear point determination turbidity plot for 60g Paracetamol/L water 
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4 Process Design 
4.1 The Model Heterogeneous Seed 
The main heterogeneous seeds that will be used will be from silicon dioxide or silica (SiO2).  Silica is 
not to be confused with the elemental metalloid silicon or the synthetic polymer silicone.  Silica is 
not easily crystallised (Iler, 1979);  It is microamorphous on formation and not described as truly 
amorphous as it consists of regions of local atomic order irregularly dispersed within the powder 
(Papirer, 2000). Silica has mostly covalent bonds that require large amounts of heat input or the 
presence of a solvent such as water under hydrothermal conditions to reach even a minimal degree 
of ordering (Iler, 1979).  When crystallisation of silica does occur, as found naturally in the crusts of 
the Earth, it has seven polymorphic forms: quartz, tridymite, cristoballite, coesite, keatite, stithovite 
and opal.  Silica in these crystalline forms has a complete tetrahedral configuration and has silicate 
(SiO4) building blocks (Iler, 1979 and Papirer, 2000).  In addition to these naturally occurring silicas, 
synthetic silicas are just as varied with a wide range of characteristics and uses.  Synthetic silicas 
include colloidal silica, silica gels, pyrogenic silica and precipitates.  Silica gels consist of 3D networks 
of continuous particles of colloidal silica and can vary in the formation of the network.  The main 
heterogeneous seeds used in this study will be from colloidal silica.  The stable solid must be of 
colloidal size; 1nm to 1000nm by the International Union of Pure and Applied Chemistry (IUPAC) 
standards (Bergna, 1994). 
The hydroxylated silica surface makes it highly suitable for adaptation.  The hydroxyl density is in the 
range of 5 OH/nm2 (Iler, 1979) to 15 OH/nm2 (Perro et al., 2009).  The surface hydroxyls allow polar 
groups to be attached to the silica surface, enabling surface modifications of the seed (Pecoraro et 
al., 1995, Papirer, 2000, Legrand, 1998). 
One type of colloidal silica often supplied by manufacturers is pyrogenic or fumed silicas.  Fumed 
silica is high grade pure silicon dioxide, and is made by reacting silicon tetrachloride in an oxygen-
hydrogen flame or plasma at 1270K (Iler, 1979).  The non-porous particles aggregate together to 
form chain-like aggregates with high surface areas and pores form on compaction.  Pyrogenic silicas 
contain impurities such as aluminium, iron, titanium and chlorides as a result of their process of 
formation.  Precipitates are formed from the precipitation of silicic acid and a dehydration reaction 
to form silicon dioxide.  This reaction, despite being able to produce particle sizes of 3nm and 
smaller, is relatively slow and the impurities range from aluminium, iron and sodium to sulphates 
(Legrand, 1998).   
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The most reliable non mechanical method for the formation of colloidal silicon dioxide particles is 
known as the Stöber synthesis, proposed by Stöber, Fink and Bohn in 1968.  Stöber et al. (1968) 
reported the controlled formation of monodisperse spherical silicon dioxide from a tetraalkyl-silicate 
(Figure 45) and water in the presence of ammonia and various alcoholic homogenising solvents (as 
shown in Scheme 1 and Scheme 2).   
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Scheme 1: Overall Conversion of TEOS into SiO2 (Rahman et al., 2007) 
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Scheme 2: Step formation of Silicon Dioxide from an Alkoxide (Rahman et al., 2007, Pecoraro et al., 1995) 
 Where: R is an alkyl group.   
Step (1): Hydrolysis of the Alkoxide 
Step (2): Water condensation of the silanols (in parallel with Step (3)) 
Step (3): Alcohol condensation of the silanol (in parallel with Step (2)) 
 
Figure 45: Tetraethylorthosilicate (TEOS) (ChemBio3DUltra) 
The method proposed by Stöber, Fink and Bohn in 1968 provided an initial framework to control the 
particle size of the sol through the reactants used, with the added benefit of using a catalyst to 
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increase the rate of the reaction and also influence the size and shape of the particles formed.  A sol 
is a stable dispersion of a solid in liquid (Atkins and de Paula, 2002). 
The synthesised particle formation process is classified into the following main stages: pre-
nucleation, nucleation and growth (Hosokawa et al., 2007).  In prenucleation the monomer (a single 
SiO2 molecule) concentration increases with time.  Once the monomer reaches a critical size, the 
generation of nuclei begins and this is the nucleation stage (Figure 46).  As the monomer grows, it 
consumes smaller sized monomers in its vicinity (known as Ostwald Ripening), and results in the 
formation of a stable nucleus.  This is known as the growth stage.   
To synthesise monodispersed silica particles, the nucleation phase must be increased or the growth 
rate must be reduced.  The factors that control the shape and size the nanoparticles are directly 
related to the type of particle growth.  The type of growth can either be via diffusion control or 
surface reaction through aggregation (Bogush and Zukoski, 1988).  The raw materials concentration, 
the coexistence of ion species and the solution pH are among the main “external” factors that direct 
the type of particle growth. 
The rate at which the nuclei grow leads to either monodisperse or heterodisperse size distributions 
of the colloid.  The dispersity is considered by Matsoukas and Gulari (1991) and Overbeek (1982) 
amongst others to be dependent on the way particles grow: either by diffusion towards the particle 
or by reaction limited growth.  If particle growth is limited by the diffusion rate within the sol, the 
particles are considered to be distanced enough so that each particle can grow at its own rate.  The 
intermolecular forces between the colloidal particles determine whether the primary particles will 
remain dispersed within the solvent.   
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Figure 46: Polymerisation of Silica (Iler, 1979) 
Agglomeration of the colloidal particles is caused by an imbalance of the attractive van der Waals 
forces.  The van der Waals forces are a combination of dispersion interactions, dipole-dipole 
interactions and dipole-induced reactions (Tropea et al., 2007). These forces are the result of 
temporary asymmetry of the charge distribution in the outer shells around a molecule due to the 
motion of the electrons.  The van der Waals interaction between two surfaces can be expressed by a 
material specific constant known as the Hamaker constant that characterises the relative strength of 
the attractive forces (Tropea et al., 2007).  The Hamaker constant depends on both the continuous 
phase (the sol medium) and the discrete phase (silicon dioxide); and also on the polarisability and 
density of the discrete phase (Eastman, 2010).  The Hamaker constant determines the strength of 
the attractive van der Waals interaction, which not only decreases the sol stability but promotes the 
formation of agglomerates.  To counteract this effect, a small distance between two particles known 
as the Stern layer, has a repulsive interaction energy that decreases linearly with increasing particle 
distance.  The Stern layer is immediately adjacent to the charged particles, and the thickness 
coincides with the centres of charge of any counterions (Stokes and Fennell-Evans, 1997).  The 
repulsive interaction energy between any two silica particles will decrease as the particles move 
further away from one another in the medium.  The DLVO theory is often used in colloidal stability 
optimisation through the use of salts that result in an increased ionic strength of the medium and 
stable monodisperse particles as investigated by Eiden-Assmann et al., (2004) for their titanium 
dioxide particles.   
Because colloidal silica has an isoelectric point of 2.4 (Iler, 1979), at pH either side of this point, a 
surface charge will arise.  At pH 7 in water the silica particles possess a negative surface charge. 
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When the silica particles are used as seeds, the solution pH will determine the surface charge, and 
thus indicate the potential interactions with the solute molecules. 
4.1.1 Seed Topography 
Topography refers to the surface texture and character.  Topography includes the shape of the pores 
and may also include the degree of presence of pores on the surface and within the seeds as they 
agglomerate during drying, hence the number or volume of pores.   Irregular topography such as 
roughness is commonly noted in the literature (Wang, 2009, Bogush and Zukoski, 1991, Van 
Blaaderen et al., 1992).  Roughness is the mild formation of pores.  Pores have a characteristic throat 
which then allows entry into the main body of the pore volume (Lowell et al., 2004).   By modifying 
the distribution of pores and shape of the pores across the seed samples, the surface area can be 
increased.  Beckmann et al. (1998) while investigating seeded crystallisation of Abecarnil, found an 
increased surface area of the crystal seeds was achieved through grinding the seeds to smaller sizes. 
Through tailoring the concentration of certain reagents surface, (intra-) pores can be encouraged.   
The agglomeration of the seeds enhances interpores (between seeds).  Stöber et al. (1968) 
demonstrated that there is a strong link between the use of different alcoholic solvents and the 
porosity (topography).  Vrij et al. (1992) proposed that irregular surface topography resulted from 
larger siloxane structures adhering together similar to building blocks, but they did not specify the 
factors that influenced the arrangement of these siloxane structures. Chou and Chen (2003) also 
used the Stöber synthesis method to prepare monodisperse silica, and suggested that it is the ratio 
of the water to tetraalkylsilicate concentrations that results in the various pore sizes.  The 
topographical findings of Chou and Chen (2003) are supported by Wang’s (2009) findings where 
particles with rough surface areas were obtained from reagent conditions with a low water 
concentration.  However it is the use of a homogenising agent or topographical solvent that results 
in the formation of pores according to Vasconcelos et al. (2002) or the addition of inorganic salts and 
surfactants (Buchel et al., 1998).  Vasconcelos et al. (2002) stressed that the specific surface area and 
the pore volume increases directly with the increase in the alcohol content. 
Other literature that has stated the use of surfactants in the Stöber method has a noted effect on 
the porosity, but with the emphasis that the pores resulted from the surfactants.  For example Chan 
et al. (2001) used a morphological and topographical surfactant Cetyltrimethylammonium bromide 
(CTAB) and obtained particles with a hexagonal cross-section morphology.  Some of these particles 
also had a high degree of internal hexagonal order, and they were mesoporous (2nm<Pore 
radius<50nm).  Chan et al. (2001) applied triblock copolymers poly(oxythelene)-poly(oxybutylene)-
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poly(oxyethelene) to the mixtures which then were removed during calcination.  Post calcination the 
surfactants led to patented structures, Mobile Compositions of Matter, and these were hexagonal 
(MCM-41), cubic (MCM-48) and lamellar (MCM-50) in structure.  In addition, the use of the 
copolymers and surfactants led to varying degrees of order amongst the particles, which is highly 
beneficial for the formation of templates or self-assembled monolayers.   
4.1.2 Seed Chemistry 
In understanding that the work of formation of a critical nucleus depends on the Gibbs free energy, 
to enhance control of the minimum Gibbs free energy a part provision of the cluster excess energy 
must be provided.  After the chemical potential, the greatest free energy reduction can be obtained 
through the specific surface energy in the surface contribution (see Equation 4).  If the energy of 
formation of the interface between the cluster and the heterogeneous seed can be decreased, it will 
reduce the surface energy contribution which then minimises the necessary Gibbs free energy 
requirement.  A functional group that facilitates adsorption of the cluster will reduce the surface free 
energy of the cluster; this is practised commonly in surface wetting (Heng et al., 2006).  The use of 
impurities with tailored functionalities to incorporate into the crystal surface where there is a 
minimum change in the attachment energy has been reported (Mukuta et al., 2005).  It was 
demonstrated that the impurity molecules attach where there is a minimum requirement in the 
attachment energy for the atoms or molecules.  When the impurity replaces a host molecule it must 
form a chemical interaction with the host crystal lattice, and this can be in the form of adsorption 
into the lattice.   
Heterogeneous molecules can affect the rate at which the solute molecules are incorporated into 
the lattice during crystal growth.  Tailor made additives with molecular weights of approximately 104 
(Sangwal, 1996) can be made with similar functional groups to the solute molecules and be 
incorporated into the crystal lattice.  These tailor made additives can be used to inhibit the growth of 
one morphology and to favour the growth of another (Lovette et al., 2008, Bernstein, 2002), through 
a disruption of normal lattice growth, which leads to a relative increase in their surface area 
(Berkovitch-Yellin et al., 1985).  Tailor made additives have been classified into two main groups: 
blocking modifiers and disrupting modifiers (Clydesdale et al., 1994b).  Blocking modifiers impede 
the movement of surface step and kink sites, whereas disrupting modifiers merely disrupt the 
intermolecular bonding networks of the solute molecules in the lattice (Clydesdale et al., 1994b).  
Disruptive modifiers according to Clydesdale et al. (1994a), are usually smaller than the crystallising 
host molecules and possess high molecular similarities.  Whereas blocking modifiers are usually 
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larger than the crystallising host and may possess different end groups.  From this classification, the 
heterogeneous seeds can be compared to blocking modifiers, which prevent oncoming paracetamol 
molecules from incorporating into their rightful locations on the crystal lattice.  However it is not 
assumed that the heterogeneous seeds would incorporate into the paracetamol crystal lattice, as 
the largest lattice unit is 12.93Å (Haisa et al., 1976) and the smallest heterogeneous seed size 
investigated here is 250nm in width. 
An adaptation of seed chemistry is through the surface modification using two different end groups 
on opposite sides of the seed.  Such seeds are known as Janus seeds.  Janus seeds are named after 
the mythological Greek god Janus, who was the god of beginnings and ends.  Janus possessed two 
distinct sides to his face, one that looked to the future and one that regarded the past (Mythica, 
1997).  As such, particles that possess two distinct characteristic faces are often called Janus 
particles (Perro et al., 2005).  In this section of the study, the seeds will have intentionally altered 
functionalised sides to reflect the “Janus effect”. 
Few Janus-like particles have been used during crystallisation investigations.  However most recently 
Janus particles have been used for the control of inorganic crystals.  For example Kowalczyk et al. 
(2012) when using Janus particles found that they were adsorbed into the inorganic crystal faces of 
potassium sulphate, sodium sulphate, calcium carbonate and copper hydroxide.  The presence of the 
Janus particles limited crystal growth to a few micrometres and even to as small as tens of 
nanometres, indicating that the CSD of the inorganic crystals was heavily affected by the presence of 
the Janus particles. However the crystal habits of their inorganic crystals were the same as those 
grown in the absence of the Janus particles, indicating that there was no observed impact on the 
crystal morphology as a result of the dual functionality of the particles.  Kowalczyk et al. believe that 
the absence of habit modification indicates that the Janus particles adsorb non-specifically onto the 
various crystal facets. 
During the initial stages of interaction of the chemically modified particle with the host lattice, there 
is competition between the impurity and the solute molecules  (Kowalczyk et al., 2012).  The 
nanoparticles adsorb and may be incorporated into the crystal lattice with progress of the crystal 
growth process. Crystal growth may be reduced until it stops due to the disruption of the crystal 
lattice and due to the interruption of the long range 3-dimensional lattice order.  When using 
tailored modifiers, experimentalists use the functional group of the crystallising entity as a basis for 
functions on the modifiers. 
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A further investigation of seed chemistry approaches the use of another type of seed.  Two further 
seeds which will be investigated are from zinc oxide and titanium dioxide.   
Zinc oxide (ZnO) known as zincite, does not gelate well in comparison to silicon dioxide (silica), which 
is somewhat an exception amongst the metal oxides.  Zinc oxide particles which are crystalline are 
obtained by the direct precipitation reaction of the reactants (Chittofrati and Matijevic, 1990).  
Variations in the synthesis conditions, such as different morphological catalysts at different 
concentrations or reaction temperatures allow different morphologies of ZnO to be obtained at 
relatively normal synthesis temperatures (under 200˚C).  The ZnO seeds obtained can be either 
amorphous or crystalline; the crystalline ZnO seeds exhibiting the Wurtzite hexagonal morphology.  
The crystalline form of ZnO has two polar faces and one non polar face (Christof, 2007) (see Figure 
47), and it is through tailoring of the synthesis procedure that the ZnO seed morphology can be 
altered.  It is for the aforementioned reason why ZnO seeds are investigated, as they allow for a 
deviation from a classically spherical shaped seed obtained with SiO2 to a hexagonal shaped seed in 
both a block and columnar form. 
The crystal faces of zinc oxide have been determined by experimentalists in the most recent years 
through a range of characterisation techniques including low energy electron diffraction (LEED), and 
scanning tunnelling microscopy (STM) amongst other techniques (Christof, 2007).  The main 
characterisation techniques reported by Christof, which will not be explained in depth here.  
 
Figure 47: The zinc oxide crystalline seed (Christof, 2007) 
According to Christof (2007) the ZnO (10Ī0) surface of ZnO is energetically the most favourable 
surface.  The (10Ī0) face is prominent in elongated hexagonal morphologies of ZnO, as it forms the 
sides of the column.  The same face is non polar because the surface is terminated with equal 
numbers of Zn and O atoms (Morkoc and Ozgur, 2009).  Both the (0001) and the (000Ī) faces are 
polar, and the dipole moment of the ZnO crystal bulk unit cell is directed along the (0001) direction.  
The presence of the dipole moment gives rise to an electrostatic field which scales with the thickness 
of the crystal (Christof, 2007) and increases the surface Gibbs energy (Kung, 1989).  When the O-ZnO 
ZnO (10Ī0) 
Non polar 
Zn-ZnO (0001) 
Polar 
O-ZnO (000Ī) 
Polar (underside) 
ZnO (1120) 
Non polar 
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surface interacts with hydrogen atoms or water, a very stable hydroxylated surface is formed due to 
the exposed oxygen terminated surface.  Experimental work reported by Nagao (1971) indicates that 
the surface hydroxyl groups are strongly bonded to the solid surface of the ZnO, and on a fully 
hydroxylated ZnO surface at temperatures up to 250˚C the number of hydroxyls estimated are 7.50 
OH/100 A2.  The hydroxyl groups on the surface of ZnO are thought to be closely packed and as such 
allow for easy formation of mutual hydrogen bonding (vicinal hydroxyls). 
Commercially manufactured titanium dioxide P25 in the form of anatase is the heterogeneous seed 
in this work (see Figure 48).  It is one of the three mineral forms of the metal oxide.  The other two 
mineral forms are rutile and brookite.  Similar to the industrial synthesis method for silicon dioxide, 
titanium dioxide is made via a pyrogenic route from titanium tetrachloride in a hydrogen flame.  The 
titanium dioxide P25 is made up of ~90% anatase and 10% rutile forms.  As such titanium dioxide 
exhibits a degree of amphilicity, whilst being largely hydrophobic (Diebold, 2003b).  Dissociation of 
water is favoured on the (110) face.  As such there is the possibility of limited hydrogen bonding for 
the paracetamol solute molecules.  Less work has been conducted on the physical and chemical 
structure of the anatase form of titanium dioxide, due to its lesser relevance to photovoltaic systems 
and catalysis (Diebold, 2003a) (see Table 10 for physical details).  
 
Figure 48: A scanned electron micrograph of the titanium dioxide seeds 
 
Titanium dioxide seed details  
Seed size (nm) 21 (+/-5) 
Seed surface area (m2/g) 50 (+/-15) 
Seed density (g/cm3) 4.26 (Sigma Aldrich) 
Table 10: Titanium dioxide seed details 
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4.2 The Model Active Pharmaceutical Ingredient 
Paracetamol (Acetaminophen) was chosen to be the model compound for the investigation using an 
active pharmaceutical ingredient (API) as it contains four of the main end groups present on many 
APIs.  These end groups are the amide, carboxyl, hydroxyl and methyl functionalities.  Paracetamol is 
used widely as an analgesic and antipyretic active compound (Femi-Oyewo and Spring, 1994).  There 
are three known forms of the Paracetamol crystalline compound: a Monoclinic form (Form I) (Haisa 
et al., 1976), an Orthorhombic form (Form II) (Haisa et al., 1974), and a lesser obtained recrystallized 
Triclinic form (Form III) (Martino et al., 1997).   
The monoclinic form of paracetamol is the most stable form at under prolonged storage and is thus 
used as the API in the production of paracetamol containing medicines.  The monoclinic form 
exhibits an equant crystal shape (as seen in Figure 49), which supports the crystals elastic recovery 
after compression as a result of the strong intermolecular forces.  To aid the compression of the 
monoclinic form excipients such as gelatin, PVP, starch and others are added (Di Martino et al., 
1996).  The addition of such excipients increases the manufacturing costs of the API. It is the 
orthorhombic form that is industrially preferred due to its weak interplanar bonds, which act as 
sliding planes facilitating compaction of the compound during tableting (Tiwary, 2001).  It is 
considered that due to the non-polar sliding planes which aid compression (Oswald et al., 2002), the 
orthorhombic form of paracetamol may improve drug dosages by decreasing the tablet size in the 
absence of the excipients. The different external facets of the paracetamol crystal exhibit various 
affinities for water; [001] is reported as being the most hydrophilic facet, followed by the [20Ī], 
[011], and finally the least hydrophilic being the [110] facet (Ålander and Rasmuson, 2007).  The 
hydrophilicity of the [001] facet is reported due to the stacking of the hydroxyl and amide groups at 
the surface.  The other three faces also expose hydrogen bonding sites, yet these sites are slightly 
more buried within the surfaces (Ålander and Rasmuson, 2007). 
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Figure 49: Observed forms of monoclinic paracetamol 
The paracetamol molecule consists of 20 atoms arranged to consist of three distinct regions 
(Bouhmaida et al., 2009).  The molecule contains two regions of electrophilicity and one nucleophilic 
region (see Figure 50).  The first electrophilic region contains a hydroxyl group.  The nucleophilic 
region is sandwiched between the two electrophilic regions, and consists of an amine group and a 
benzyl ring.  The second electrophilic region contains both a methyl group and carboxyl group. 
 
Figure 50: The paracetamol molecule (ChemBio) with atomic numbering 
The hydroxyl group in the electrophilic region and the amide group in the nucleophilic region can be 
both electron acceptors (Lewis acid) and electron donors (Lewis base) (Bouhmaida et al., 2009, 
Ålander and Rasmuson, 2007). 
The nitrogen and oxygen atoms are negatively charged due to being electron acceptors during 
bonding. The most negatively charged atom is the nitrogen (N3) in the amine group, followed by the 
oxygen in the hydroxyl group (O10) and the oxygen in the carbonyl group (O1) (Bouhmaida et al., 
2009).  
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The most positively charged atom is from the carbon (C2) that forms the carboxyl.  The second and 
third most positively charged atoms are the hydrogens in the hydroxyl group (H17) and the 
hydrogen bonded to the amine group (H12) (Bouhmaida et al., 2009). 
The main hydrogen bonds involve the oxygen (in OH), and nitrogen atoms.  In the work by 
Bouhmaida et al. (2009) it was found that a distance of 3.3Å lies between each molecule.  In the 
isolated molecule a large region of positive electrostatic potential is located around the OH group. 
The molecule is not completely planar as the nitrogen atoms point toward the centre of adjacent 
molecules’ benzolic centres due to the highly electrophilic nitrogen atom. The paracetamol 
molecules form zigzag chains parallel to the c axis and interconnect between molecules through 
hydrogen bonds (Bouhmaida et al., 2009).  The intermolecular interactions of both repulsion and 
attraction between the molecules lead to the formation of a Herringbone structure (Figure 51).  
Paracetamol is a weak electrolyte (pKa 9), and in a state of dilution the molecules are non-
dissociated or in their molecular form (Ruiz et al., 2010).   
 
Figure 51: The herringbone structure of Paracetamol (ChemBio) 
The following table (Table 11) shows the results of the metastable zone width determination for 
paracetamol under the conditions described in section 3.3 The Metastable Zone Width 
Determination of Paracetamol.  
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Paracetamol concentration  
(g/L water) 
(+/- 0.005) 
Average Metastable zone 
width (˚C) 
 (+/-0.1˚C) 
Cloud Point (˚C) 
(+/-standard 
deviation) 
Clear Point (˚C)  
(+/-standard 
deviation) 
20 3.75 32.45 (0.64) 36.20 (0.81) 
23 5.01 37.15 (1.34) 42.17 (1.45) 
25 5.74 39.63 (1.76) 45.36 (1.50) 
27 5.74 41.36 (0.59) 47.10 (0.23) 
30 6.22 42.08 (1.13) 48.30 (0.47) 
40 6.16 49.81 (0.35) 55.97 (0.43) 
50 4.20 56.46 (0.47) 60.65 (0.62) 
60 7.94 60.07 (0.31) 68.01 (0.54) 
70 9.17 63.90 (1.03) 73.07 (0.06) 
Table 11: The cloud and clear point temperatures that identified the MSZW 
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Figure 52: The solubility- supersolubility curves for paracetamol providing the metastable zone width 
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The cloud and clear point temperatures for each concentration of paracetamol permitted the 
formation of the nucleation and solubility curves respectively (see Figure 52).   
The process runs for the determination of the MSZW were carried out with two runs per batch 
solution before the solution was freshly prepared in order to reduce the effects of thermal 
“memory” and also to reduce the risk of solvent vaporisation leading to encrustation.  Solutions held 
at temperatures higher than the equilibrium temperature for prolonged periods of time exhibit 
wider MSZW or later crystallisation induction times than solutions which have not experienced such 
thermal delays (Nývlt et al., 1985).  The effect of thermal memory on the width of the metastable 
zone is explained by considering that pre-critical clusters neither all form nor dissolve 
simultaneously.  From the CNT a certain mean cluster size corresponds to the supersaturation of the 
solution; with each change in the temperature and concentration of the solution a corresponding 
change to the mean cluster size arises.  The change in the cluster size (and shape) is slow by 
comparison, and the size distribution is not known at each instance. Cooling the prolonged heated 
solution rapidly instigates thermal instabilities within the clusters, leading to an increase in the mean 
cluster size (Nývlt et al., 1985).  It is these larger mean clusters which are the first to appear, often 
earlier than the undelayed treated solution.  Nỳvlt et al. (1985) state that the cluster stability 
changes are changes in the effective solubility.  
4.2.1 The Reproducibility of the Metastable Zone Width 
Good consistency shown in the small standard deviation in the cloud and clear points was achieved 
by each solution and by heating the solution to 80˚C after each cycle. The high temperature set point 
allowed for minute crystallites to fully dissolve in the solution, thus reducing the risk of memory 
occurring during the runs. 
A metastable zone width of approximately 10˚C is considered broad for a large organic compound.  It 
can be considered that the MSZW of paracetamol in water shown here is large.  The width of the 
metastable zone is determined by the probability of two or more solute molecules interacting at 
short intermolecular distances long enough for additional molecules to attach and for the cluster to 
achieve a minimum critical radius, as according to the classical nucleation theory.  As such an 
increase in the probability of two or more solute molecules interacting to subsequently form a 
nucleus can be achieved by an increase in the solution concentration.  A narrow MSZW indicates a 
high probability of a nucleus forming at that temperature and corresponding concentration, and 
conversely a wide MSZW indicates a lower probability that a nucleus will successfully form.  Both 
aforementioned conditions assume that the system is void of unintentionally added seeds (including 
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dust).  The width of approximately 10˚C can be attributed to the solubility of paracetamol in water; 
the higher the solubility of a solute, the narrower the MSZW (Nývlt et al., 1970).  
Because the width of the MSZW depends on numerous vessel conditions such as the agitation 
speed, the agitator material, and the vessel volume, a narrow MSZW also indicates a decrease in the 
variability of control during supersaturation.  The designed cooling crystallisation process must be 
finely tuned such that the solution profile permits operation control within the MSZW to primarily 
ensure the desired narrow CSD, and secondly to optimise thermal efficiencies of the vessel. 
The reproducibility of the MSZW nucleation curve for paracetamol is related to the solubility of the 
compound.  Although paracetamol exhibits a lower solubility in water in comparison to in acetone or 
in methanol, 372.6g and 232.8g paracetamol/L solvent respectively at 30˚C (Granberg and 
Rasmuson, 1999), it exhibits a comparatively high solubility due to the hydrogen bonds which are 
made between the hydroxyls (H12 and H17) on the paracetamol molecule and the oxygen in the 
water molecule.  Nývlt and coworkers (1970) reported that good reproducibility will be found in 
“simple” substances which tend to be anhydrates.  Due to the simplified structures of anhydrates in 
comparison to hydrates, the assembly of pre-nuclei or clusters is considered to have a certain degree 
of simplicity in the arrangement of the fluctuating clusters in the absence of the additional attached 
water molecules.  “Complicated” structures (as phrased by Nývlt) such as hydrous structures and 
proteins are thus more prone to the random and fluctuous nature of the solution conditions, and 
thus reduce the reproducibility of the metastable zone width. 
In addition to the hydrodynamics of the vessel, various solution concentrations are known to affect 
the width of the metastable zone; however this study considers the supersaturation of paracetamol 
of 60g/L of water at 60 ˚C to be a constant and the impact of different paracetamol concentrations 
on the MSZW will not be studied here. 
4.2.2 The Control Unseeded Batch Solution Profile 
In order to understand how the solution concentration is depleted by the nucleation and crystal 
growth phases, both unseeded (control) and homogeneously seeded batches were investigated.  
The solution profiles were determined using high performance liquid chromatography (HPLC).  A 
fresh paracetamol solution concentration of 60g/L water was then used to determine the solution 
concentration profile of an unseeded batch. 
Samples from the crystallisation batches were taken every 3-5˚C from 68˚C until 20˚C.  The 
paracetamol solution samples were filtered through a 0.22µm Millipore filter (Merck KGaA, 
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Darmstadt, Germany) and 10µl of the filtered sample was diluted with 100µl of HPLC grade 
methanol.  A C-18 reversed-phase liquid chromatography was employed to determine the solution 
profile.  An Agilent 1100 Series HPLC was used which was equipped with a Waters 200 UV detector, 
a 20µl syringe pump, an isocratic pump flow mode and a UV spectroscopic detector with program LC 
1100 online.  HPLC grade methanol (VWR, Leicestershire, UK) was used as the mobile phase at a 
flowrate of 1.25ml min-1 at 22˚C, and silica gel was used as the stationary phase.  An adsorption 
wavelength of 220nm was selected for the detection of adsorbed paracetamol.  Methanol was used 
as the mobile phase due to the high solubility of paracetamol in methanol.   
The unseeded batch study permitted a comparison of the solution supersaturation profile for all 
subsequent seeded batches. 
The following figure (Figure 53) shows a comparison of the crystal size distribution of the as-received 
paracetamol powdered crystals and the unseeded control batch final crystal size distribution.  The 
as-received powder shows a mean crystal size just under 100µm, with little evidence of particles 
sized 1mm or greater.  Once used as seeds in the paracetamol solution, the seeded crystals grow in 
size to reflect the size distribution of the control unseeded batch. 
 
 
Figure 53: The crystal size distribution of the as-received paracetamol in comparison to the control unseeded batch 
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Figure 54: The solution profile of the unseeded control batch 
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4.2.3 The Paracetamol Seeded Solution Profile 
Homogeneously seeded batches were run using 0.50wt.%, 1.00wt.% and 3.00wt.% (w.r.t. final yield 
mass at 20˚C) of as received paracetamol powder (Analytical grade, Sigma Aldrich, UK) to investigate 
the effects of homogeneous seeds on the MSZW. 
60g paracetamol / 1L water was dissolved at 78°C for 40mins at an agitation rate of 200rpm, before 
the system was equilibrated at 68°C for 20mins.  During seeding operations, seeds were added and 
then the system was further equilibrated for 20mins before being controlled cooled at a rate of 
0.2°C/min to 20°C.  Seeds were added by weight of the final theoretical mass at 20°C (12.78g 
paracetamol/ L water).  The slurry was held at 20°C for a minimum of 2 hours before being isolated, 
washed in minimum of 40ml ice cold water.  The isolated crystals were then dried in a fume 
cupboard for a minimum of 24hours before characterisation. 
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Figure 55: The solution profile for 0.50wt.%, 1.00wt.% and 3.00wt.% paracetamol powder seeded batch 
131 
 
4.2.4 Discussion on the Control and Paracetamol Seeded Batches 
When batch crystallisation of paracetamol was carried out at 60g/L (i.e. under the designed 
crystallisation conditions) in the absence of seeds, the solution profile indicates entry into the labile 
zone between 57˚C and 63˚C where uncontrolled nucleation occurs in Figure 54.  The consumption 
of the solution supersaturation by the nuclei into macroscopic crystals leads to a sharp decrease in 
the solution concentration at approximately 52˚C, where the solution has an approximate 
concentration of 40g/L.  This sharp drop in the solution concentration occurs near to the 
temperature at which the metastable zone width is narrowest at 50˚C.  This means that control of 
the solution is most critical around this temperature in order to control the rate of nucleation and 
crystal growth to achieve a uniform and narrow crystal size distribution.  The solution 
supersaturation is quickly consumed by rapid growing crystals and as such the solution profile 
remains within the MSZW. 
On the addition of the paracetamol powder as seeds, distinct differences in the solution profile to 
that from the unseeded control batch are observed in Figure 55.  The use of the paracetamol 
powder at all three seed loading levels led to the solution profile entering into the labile zone, where 
uncontrolled nucleation is most likely to have occurred at approximately 58˚C, 55.5˚C and 49.0˚C 
respectively for the 0.50wt.%, 1.00wt.% and 3.00wt.% seeded batches.  The higher the crystal seed 
load the marginally lower the temperature of entry into the labile zone.  In the case of the as-
received paracetamol powder, the solution supersaturation generation exceeded the growth rate 
and the solute consumption rate of the paracetamol crystals at these loading levels. 
Entry into the labile zone of the three seeded batches indicates that uncontrolled nucleation 
occurred in the presence of the crystalline paracetamol seeds.  The surface area provided by the 
crystal seeds was insufficient at the three loading levels to suppress secondary nucleation.  
Secondary nucleation occurred on the surface of the seeded crystals; the rates of crystal growth of 
the crystal seeds were too low to consume the solution supersaturation.  In order for nucleation to 
be completely suppressed under these batch crystallisation conditions, higher crystal seed loading 
levels than 3.00wt.% would be required.  Potentially as the solution temperature was cooled to 20°C, 
the system should have been left at this temperature for a delayed period of time to ensure 
complete concentration consumption through maximised crystal growth.   
 
132 
 
4.3 Summary 
This section has outlined the synthesis background of the model seeds, silica.  The silica particles 
from hereon will be described as heterogeneous seeds with respect to the batch crystallisation 
process.  It has been described how the surface topography can be enhanced during the synthesis to 
provide a beneficial heterogeneous surface for the clusters during the nucleation phase.  In addition 
the surface hydroxyls presented by the hydrated seeds are thought to facilitate hydrogen bonding 
during nucleation and crystal growth of paracetamol.   
This section has also outlined the crystallisation process design conditions for the model API 
paracetamol.  The metastable zone width for the linear controlled cooling profile of paracetamol 
defines the operating window of the process.  The unseeded control batch provides a basis on which 
supercooling optimisation can be enhanced.  The paracetamol crystalline seeds emphasise the 
necessary iterative process required to obtain an optimum seed loading level when using crystal 
seeds. 
The following chapters shall comprise of the characterisation of the heterogeneous seeds used, and 
their effects on the model compound size distribution, morphology and crystallisation induction 
time, whilst tracking the solution concentration in the presence of the heterogeneous seeds. 
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5 The Effects of the Heterogeneous Seed Physical Characteristics on 
the Crystallisation of Paracetamol 
5.1 The Manufactured Silica Seeds 
5.1.1 Introduction 
The following study of heterogeneous seeds addresses the impacts of heterogeneous seed sizes 
within the nanometre scale on the crystallisation product.  Nanometre sized seeds were chosen 
because the size resembles that of dust particles which can enter into batch vessels unintentionally 
during many API production lines.  Dust particles are sized less than 1-2µm (Holdich, 2002).  The 
seed size distribution of homogeneous crystalline seeds is considered to be of equal importance to 
supersaturation in the optimisation of batch seeded crystallisation process, hence, it is investigated 
in this section whether the seed size distribution is equally of importance when using heterogeneous 
seeds.   
The silica seeds shown in this chapter are seeds as received from the manufacturer, and are referred 
to as the silica standards.  The silica seeds used here have been characterised according to the 
previously mentioned characterisation techniques in Chapter 3.2.  This chapter shows the use of 
these seeds at different seed loading levels, and how the seed loads affect the CSD, morphology, and 
CIT of the model compound. The seeds were investigated at seed loads of 0.25wt.%, 0.50wt.% and 
1.00wt.% with respect to the final theoretical yield of paracetamol in water at 20˚C. For further 
investigation these seeds are used as mixed batch sizes to observe the effects on the crystal 
morphologies.  The outcomes are summarised at the end of this chapter. 
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5.1.2 Seed Characterisation Results 
Seed name (nm) Seed size (nm) 
(Manufacturer’s 
specification) 
Seed size (nm) DLS 
characterisation 
(standard 
deviation) 
Surface area (m2/g) 
(BET) 
(MAN=manufacturer’s 
spec.) 
Surface area 
(non-porous 
estimate*) 
(m2/g) 
7 7 7 (+/-6) 396 (+/-7) (390 MAN) 390 
14 14 36 (+/-13) 191 (+/-9) (200 MAN) 195 
250 250 204 (+/-38) 81 (+/-60) 11 
500 500 754 (+/-171) 9 (+/-2) 5 
1000 1000 1092 (+/-1020) 4 (+/-1) 3 
Table 12: Heterogeneous silica seed characteristics with the manufacturer’s specification of surface area 
shown in brackets with the abbreviation MAN 
*Non porous estimate of particles calculated using calculation of the volume of a sphere (see 
Equation 20 below) 
 
Figure 56: Silica standards seed size distribution 
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Figure 57: A scanned electron micrograph of the 250nm commercially manufactured silica seeds 
The seed size is related to the specific surface area through the calculation of a non-porous sphere 
through (Brunauer, 1945): 
                      
 
                          
 
Equation 20 
 
Figure 58: The nitrogen gas sorption isotherms for the manufactured silica standard seeds 
Equation 20 assumes that the spherical seed does not contain pores, which would increase the 
surface area of the seed. However, as seen from Table 12 a comparison of the manufacturer’s 
specification and the nitrogen sorption method using the BET methodology for the surface area of 
the seeds, there are slit pores in varying degrees in all of the seeds which explains for the higher 
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actual surface areas.  The most prominent pores being found in the 250nm silica standards, shown in 
Figure 58 by the large hysteresis; which also accounts for the large standard deviation in the seed 
surface area in Table 12. 
The pore shape of the purchased seeds can be observed in Figure 58, which is obtained from the 
nitrogen gas sorption isotherm.  If the molecular interactions between the adsorbate and the 
adsorbent described by Brunauer, Emmet and Teller are considered, the nitrogen sorption curves 
exhibited by the manufactured silica seeds indicates that there are strong interactions between the 
gas adsorbate and adsorbent, and these interactions are greater than those between the molecules 
of the adsorbate themselves (Brunauer, 1945).  Isotherm curves of those shown in Figure 58 are 
known as Type II. 
The International Union of Pure and Applied Chemistry (IUPAC) give classifications of the various 
types of hysteresis that may be observed during gas sorption (Hosokawa et al., 2007). The hystereses 
give an indication of the mechanisms of the gas adsorbate during the process of adsorption and 
desorption, which subsequently indicate the pore shape.  Due to the flat adsorption branch and the 
inclination of the desorption branch, the pores are characterised as tapered slit shaped pores (Do, 
1998).  Table 12  indicates that the presence of the slit shaped pores in the purchased manufactured 
seeds gives rise to an increase in the seed surface area when compared to a non porous size 
comparison; however slit shaped pores do not allow for the greatest increase in particle surface area 
and are likely to have arisen during the manufacturing process of pyrogenic silica. Pyrogenic or 
fumed silicas are formed at high temperatures and are recovered from the gas phase as voluminous, 
extremely fine divided powders, most commonly through the oxidisation of silicon tetrachloride in a 
hydrogen rich flame.  The reaction leads to a single spherical droplet of silicon dioxide which grows 
through collisions and coalescence to form larger droplets (Iler, 1979).  Once cooled the droplets 
have a high propensity to aggregate.  It is through this aggregative behaviour that the slit shaped 
pores are expected to form between the particles whilst drying (Gregg and Sing, 1967).  Due to the 
formation of the pores between the silica standards occurring during the manufacturing process, it 
follows that there is little control over the specification of the pore size or pore shape.  Controlled 
and intentional pore characteristics on synthesised silica seeds will be discussed in later chapters.  
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5.1.3 Seeded Results and Discussions 
5.1.3.1 The Metastable Zone Width 
A change in the metastable zone width during batch crystallisation is often an indication of 
contamination by dust particles or impurities.  The following results show the effects of the silica 
standards on the MSZW using the 7nm silica standards as an example.  The seeds sized 7nm at 
loading levels of 0.25wt.% to 3.00wt.% are shown here in Figure 59 for comparison studies of the 
seeds with the highest surface area and smallest seed sizes closest to dust particles.   
It is known that the metastable zone width is not the same width along the entire temperature 
range due to the different nucleation mechanisms occurring during the crystallisation process (Titiz 
Sargut and Ulrich, 2002).  A comparison of the heterogeneously seeded batches and the unseeded 
control batches in Figure 59 shows that the solution profile depends on the type of nucleation 
occurring within the vessel, i.e. homogeneous or heterogeneous nucleation.   As seen in Figure 59, 
the MSZW for the unseeded batch (black crosses) is large at the higher temperatures and narrow at 
the lower temperatures at the temperature decreases towards 20˚C as seen in Figure 59.  The exact 
opposite is observed in the temperature differences of the heterogeneous seeded batches at all 
seed loading levels: a narrow temperature difference of approximately 8˚C at high temperatures of 
approximately 70˚C, and a wide temperature difference between the solution profile and the 
solubility curve (> 20˚C) at the end temperature of 20˚C. 
Under the heterogeneously seeded conditions a different solution profile is obtained.  From a 
heterogeneous seed load of 0.25wt.% to 3.00wt.%, the solution profiles appear to remain within the 
labile zone of the unseeded control batch.  The sharp decrease in the solution concentration 
observed under unseeded conditions is not observed in the presence of the heterogeneously seeded 
silica standard batches; indicating that control of the solution concentration occurs.   
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Figure 59: Solution solubility of Paracetamol in the presence of the 7nm silica standard seeds at increasing seed loads 
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It is proposed that for the silica standard seeded batches heterogeneous nucleation occurs and 
subsequent control entails during the period in which the solution concentration enters the labile 
zone (see Figure 59).  The solution profiles of the heterogeneous batches at 0.25wt.% to 1.00wt.% 
indicate a trend similar to that of the nucleation curve until a solution concentration of 
approximately 30g/L.  From a concentration of 30g/L supersaturation generation may have 
exceeded maximum adsorption of the paracetamol molecules onto the surface of the 
heterogeneous silica seed surface (Titiz Sargut and Ulrich, 2002).  As the solution temperature is 
reduced, an increased availability of solute molecules occurs from desolvation; bonds being broken 
between the solute and solvent molecules, which allows the solute molecules to adsorb onto the 
surface of the heterogeneous silica, until the maximum adsorption of the paracetamol solute 
molecules was exceeded around 30g/L.  The adsorption of the solute molecules onto the surface of 
the heterogeneous seeds may occur via hydrogen bonds between the hydroxyl of the paracetamol 
molecules and the hydroxylated silica surface.  It may be considered that the solute control was 
stronger when a higher surface area of the silica seeds was available.  The available surface area 
from 3.00wt.% silica is indeed greater than that from 0.25wt.% silica, however the potential for the 
silica seeds to agglomerate at high seed loads due to charging presents a risk which reduces the total 
available external surface area for solute adsorption.  The increased seed load may have restricted 
and reduced the available surface area for nucleation sites in the inter (seed) pores present on the 
silica standard seeds.  Which explains why the 3.00wt.% heterogeneously seeded batch exhibited 
lower control over the solution concentration in comparison to the lower seeded batches. 
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5.1.3.2 Crystal size distribution 
 
Figure 60: Average CSD when using 0.25wt.% seed load with the silica standards. n=3 
 
Figure 61: Average CSD when using 0.50wt.% seed load with the purchased silica standards.  This seed load is the 
standard loading level of the study. n=3 
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Figure 62: Average CSD when using 1.00wt.% seed load with the purchased silica standards.  This seeding level is 
considered as a high seeding level for this section of the study. n=3 
 
Figure 63: The relationship between the mean crystal size and the seed surface areas.  Seed surface area presented by 
the silica seeds leads to mean crystal sizes approximately 80-200µm irrespective of the available surface area, indicating 
that the surface area is not the main determinant of the mean crystal size. 
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At a low seed loading level of 0.25wt.% all the mean crystal sizes are lower than those obtained from 
the control unseeded batches as seen in Figure 60.  The crystal size distributions (CSD) of the silica 
seeds are monodisperse and comparable despite the range of silica standard seed sizes used (see 
Figure 60).  It would appear that at a low seed load of 0.25wt.% the seed surface chemistry may have 
dominated the process of heterogeneous seeding rather than the seed size, as there is no significant 
difference in the CSD as a result of the silica seed size.  As stated earlier the silica seeds are 
hydrophilic and therefore wettable by water.  Due to the hydroxyl bonds that form between the 
silanol surface and the water molecules in the solution, the hydroxyl bonds may have facilitated the 
interaction of the paracetamol solute molecules near to the surface of the silica seeds.  The 
interaction of the paracetamol molecules and the silica seeds due to the hydroxyl bonds would have 
occurred irrespective of seed size through hydrogen bonding, as it is estimated that there are 
approximately 5-6 OH per nm2 (Papirer, 2000) to a maximum of 15 OH per nm2 on the hydrated silica 
surface (Perro et al., 2009).  The adsorption of the paracetamol solute molecules to the surface may 
have been facilitated by the silanol bonds. 
As seen from the results in Figure 60 to Figure 63 there is no significant reduction in the mean crystal 
size with the use of the smaller heterogeneous silica standards nor due to the higher seed loads.  
Both the CSD and the mean crystal sizes are comparable.  The exception to this is found with the use 
of the 250nm silica standards at a load of 1.00wt.%, where the CSD broadens as seen in Figure 62.  
The 250nm silica standards did not exhibit a broad seed diameter distribution (Figure 56), however 
they did exhibit a significant degree of variance in the surface area distribution as shown in Table 12.  
This means that some seeds had a very low surface area and others exhibited a very high surface 
area.   
The surface area characterised depends on both intra and interparticle (seed) pores.  Intraparticle 
pores occur within a body of the seed and interparticle pores arise from agglomeration of the seeds; 
the former type lead to high surface area characterisations and the latter type lead to lower surface 
area characterisations.  In fact the variance in the surface areas observed with the 250nm silica 
standards is typical for manufactured silica particles, which explains why there is an absence of the 
manufacturer’s specifications for surface areas of larger seeds. 
A further increase in the silica seed loading levels to 1.00wt.%, which for some industrial 
manufacturing purposes would be considered high (Chung et al., 1999), shows the impact of the 
seed sizes beginning to dominate the CSDs of the batches.  Chung et al. demonstrated that 
increasing homogeneous seed loads leads to a decrease in the mean crystal size; however with the 
silica standards as the heterogeneous seeds it is found that increasing the seed load leads to an 
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increase in the mean crystal size and the crystal size distribution.  The increase in CSD with higher 
seed loads is most clearly observed in a comparison of the 0.25wt.% seeded batch CSD with the 
3.00wt.% seeded batch CSD curves in Figure 64. 
 
Figure 64: The increasing mean crystal size with increasing seed loads from 0.25wt.% to 3.00wt.% using the silica 
standard seeds.  The CSD of the 1.00wt.% may be an anomaly. n=3. 
When seeding with the 7nm silica standards from a low loading level of 0.25wt.% to a very high 
loading level of 3.00wt.%, the CSD exhibits the potential impact of increasing the seed loads even 
with heterogeneous seeds; there is a 48% increase in the mean crystal size with an increase in the 
7nm silica standard seed load from 0.25wt.% to 3.00wt.%.  Despite experimental repeats, the mean 
crystal size for the 1.00wt.% seeded batch is smaller than the 0.25wt.% and 0.50wt.% seeded 
batches, suggesting that it is an anomaly.  
In batch crystallisation operations, there are the competing effects of nucleation and crystal growth, 
which deplete the solution concentration at different rates (Jones, 1974): the former transformation 
leading to a sharp drop in the solution concentration in a “shower” of nuclei, and the latter stage 
leading to a linear and gradual drop in the concentration as crystals grow from lattice deposition of 
molecules.  The formation of nuclei within the vessel can occur at different times – from primary 
nucleation and subsequent secondary nucleation, or solely the former.  Both primary and secondary 
nucleation lead to a crystal size distribution of the crystal products; however the mechanism most 
responsible for the largest impact on CSD widening is secondary nucleation (Aamir et al., 2010).  
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Because primary nucleation can be controlled through supersaturation control, the crystal size 
distribution is narrower than that resulting only from secondary nucleation which only requires a 
crystalline surface on which to grow.  However in the presence of the silica standard seeds, an 
increase in the seed load proves to insignificant at greatly narrowing the CSD, and as to be discussed 
in the next section on crystal morphology, the electrostatic effects of the seeds may be responsible 
for diminishing the benefits of the heterogeneous seed surface. 
One of the seed characteristics considered recently to be of significant importance in narrowing the 
CSD is the standard deviation of the mean seed size.  Although previous works such as those by 
Chung et al. (1999) and others have focussed on the effect of the standard deviation of 
homogeneous seeds on the product crystals, it was assumed that this same seed characteristic 
affects the outcome of the CSD when heterogeneous seeds are used.  In Table 12 the heterogeneous 
seed characteristics are shown, and it can be observed that the seeds with the narrowest seed 
standard deviation of 6nm from the mean size are the 7nm silica seeds.  The product crystals from 
the 7nm silica standard seeded batches do not, however, indicate a narrower crystal size distribution 
at any of the investigated seed loads.  By comparison, the 1µm seeds exhibit a high seed size 
standard deviation of 1020µm, and it is observed that the CSD of the product crystals exhibit no 
broader a crystal size distribution at any of the three seed loading levels.  It is suggested that the 
surfaces of the silica standard seeds appear as flat surfaces to the clusters of paracetamol and do not 
act as heteronuclei in the centre of the nuclei from which nucleation and crystal growth proceed.   
Chung et al. found that not only was the mean crystal size an increasing function of the standard 
deviation of the (homogeneous) seeds, but also that the crystal size distribution was able to be 
minimised through the reduction of the (homogeneous) mean seed size standard deviation.  It has 
not been found here that heterogeneous seeds with narrower size distribution lead to product 
crystals with a narrow size distribution at the investigated seed loading levels.   
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5.1.3.3 Morphology 
The following table shows the crystal morphologies that resulted in the presence of the 
heterogeneous silica standards at the three stated seed loads. 
Seed size 
/loading 
level 
0.25wt.% 0.50wt.% 1.00wt.% 
7nm 
   
14nm 
   
250nm 
   
500nm 
   
1µm 
   
Figure 65: Crystal morphologies of the heterogeneous seeded batches of different seed sizes and loading levels 
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As seen in Figure 65, the micrographs of the product crystal batches from the silica standard 
heterogeneous seeds show that the heterogeneously seeded batches results in severe crystal 
agglomeration of paracetamol.  Despite all heterogeneous seeds leading to the achievement of 
monomodal crystal size distributions according to the crystal size distribution analysis shown in 
Figure 60, Figure 61, and in Figure 62, the presence of agglomerates cannot be ignored.  An 
assumption based on batch crystallisation processes is that crystal breakage and agglomeration are 
negligible (Jones and Mullin, 1974), and although this may satisfy the conditions for homogeneous 
crystal seeded batches under controlled cooling programmes, this assumption cannot be held wholly 
true for the case of heterogeneous seeded batches. 
The images in Figure 65 show evidence of the existence of smaller crystals which are assumed to 
arise from true secondary nucleation on the earlier formed primary crystals within the vessel. These 
smaller crystals give rise to the broadening of the CSD, and are present in each of the seeded 
batches at all seed loading levels.  Although it is accepted that paracetamol crystals are highly prone 
and susceptible to agglomeration (Ålander and Rasmuson, 2005), minimising this property is 
essential for process optimisation of crystalline APIs.  Large and strongly bound agglomerates reduce 
the efficiency of the separation process through prolonging the drying time post crystallisation and 
extending milling operations.  Although the primary crystals in Figure 65 exhibit a typically optimal 
equant crystal shape that facilitates good flowability, the secondary crystal shapes are irregular.  The 
different heterogeneous seed sizes do not affect the primary crystal morphology significantly. 
In the agglomeration of crystals, the crystal particles must collide before a liquid (crystalline) bridge 
is formed between the two particles (Mersmann et al., 1992).  The impact energy of the collision 
exceeds any electrostatic repulsion forces between the two crystals.  Mersmann et al. consider that 
the likelihood of agglomeration occurring depends on the collision rate, which is a function of the 
number of small primary particles in addition to vessel hydrodynamics.  As seen in Figure 65 the 
heterogeneously seeded batches lead to a high concentration of small primary particles, as such the 
risk of agglomeration is high as a result.  Significant agglomeration is produced at a seed load of 
3.00wt.% as seen in Figure 66 highlighting the negative impact of high seed loading levels with the 
silica standards as heterogeneous seeds. 
The silica seeds with their negative surface potential may adsorb onto the surface of the 
paracetamol crystal surface.  The adsorption layer of the crystal surface may be affected by the 
presence of the seeds.  The increasing seed loads of the silica seeds may increase the proportion of 
seeds adsorbed onto the surface of the crystals, which may have facilitated the formation of liquid 
bridges to newly attached crystals (Ålander and Rasmuson, 2007). 
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Figure 66: Seeded batch crystals with 7nm heterogeneous silica seeds at a 3.00wt.% load exhibiting severe 
agglomeration 
  
5.1.3.4 Crystallisation Induction Time  
 
Figure 67: Crystallisation Induction Time (CIT) of the silica standard seeded batches at seed loads of 0.25wt.%.  Including 
the standard deviation of the turbidity of the unseeded control batches in black. 
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Figure 68: CIT of the silica standard seeded batches at a seed load of 0.50wt.%. Including the standard deviation of the 
turbidity of the unseeded control batches, in black 
 
 
Figure 69: The CIT of the silica standard seeded batches at a seed load of 1.00wt.% 
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When seeding with the silica standards, as shown in Figure 68 and Figure 69, there is no significant 
difference in the crystallisation induction time (CIT) to macroscopic crystal growth between the seed 
loading levels from 0.25wt.% to 1.00wt.%.  The CIT are similar to that of the unseeded batches and 
occur within the error bars of the unseeded batches.  The anomalies to this are the 1µm silica 
standards at 0.25wt.% (and potentially the 250nm silica standards at 1.00wt.%).   
All five silica standard seeds show a similar CIT under these crystallisation conditions of paracetamol.  
The near identical CIT in the presence of the heterogeneous seeds indicates that the molecular 
interactions between the hydrated silica surface and the water molecules and solute molecules are 
similar irrespective of the heterogeneous seed size.  It is considered that surface or heterogeneous 
nucleation induction times are shorter than homogeneous induction times (Kim and Mersmann, 
2001) as the interfacial tension is reduced by the heterogeneous surface.  It is known that in the 
presence of a heterogeneous surface the Gibbs free energy is reduced due to the wetting of the 
heterogeneous surface, exhibited by the Volmer function of wetting, shown earlier in Equation 9.  
The presence of the heterogeneous silica surface leads to a decrease in the interfacial tension 
between the silica standards surface and the water molecules due to interactions between the 
surface hydroxyls on the silica seeds and the water molecules.  The contact angle between silica and 
water is thus reduced to zero.  Hence there is minimal work required in wetting of the 
heterogeneous surface.  A reduction in the Gibbs free energy due to a low contact angle decreases 
the nucleation work required to form a cluster of molecules, thus increases the likelihood of 
nucleation occurring at a lower supersaturation, through Equation 10.  A reduction in the Gibbs free 
energy is thus predicted by an observation of a reduction in the CIT. 
The heterogeneous seed size is reported to affect the role of the heterogeneous seed by Kaschiev 
(2000) and Liu (2000).  It is considered that if the radius of the seed or foreign particle (Rseed) is of 
similar size or smaller than the critical radius size (Rc) of the crystallising entity, in the case when 
         
Then, 
 ( )    
and homogeneous conditions and homogeneous primary nucleation prevails.  The heterogeneous 
seeds are rendered irrelevant during the nucleation process if the heterogeneous seed size is far 
smaller than the critical radius size of paracetamol at any supersaturation.  If this follows, the seed 
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size would need to be larger than the critical nucleus size of paracetamol to have an impact on the 
nucleation phase, as according to: 
        
Then 
 ( )   
 
    
Whereby, the Gibbs free energy would tend to zero.   
In such cases heterogeneous nucleation conditions prevail, such that wetting of the heterogeneous 
surface is favourable and the heterogeneous surface is energetically more favourable than the 
formation of a spherical nucleus in the bulk of the solution.  However if under such conditions the 
seed radius is significantly larger, the heterogeneous seed surface may appear similar to that of a flat 
wall surface to the cluster, e.g. the vessel wall.  Hence the heterogeneous seed radius must be within 
a certain range such that it is advantageous to the critical nucleus.   
In the case of the seed loading level of 0.25wt.%, the CIT of the 1µm seeds is within the range of the 
unseeded control batch average CIT (Figure 67); it is herewith proposed that the diameter of the 
1µm seeds was, in line with theoretical considerations (Fletcher, 1969, Kaschiev, 2000), too large to 
be energetically beneficial at reducing the Gibbs free energy for the clusters in comparison to the 
vessel wall.  As such in the presence of the 1µm silica standards at 0.25wt.% conditions 
homogeneous nucleation proceeded.   
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5.1.4 Mixed Sized Batches 
To further investigate the possible effects of the heterogeneous silica seeds on the crystal 
morphology and crystal size distribution, mixed sized heterogeneously seeded batches were 
prepared.  In industrial seeding policies a range of seed sizes are often used, obtained from sieving.  
The size ranges often result in polydisperse product CSDs.  As seen above in Figure 60, Figure 61, and 
in Figure 62, regardless of the size of the heterogeneous seed used up to 1µm, monomodal CSDs 
were obtained.  From comparisons with homogeneous seeded batch products, if two distinct seed 
sizes are used, it is of interest to confirm whether the product crystal batches will also reflect two 
distinct crystal size modes.  Three seed loads were investigated for combinations of 7nm and 1µm 
silica seeds on a weight basis of the final theoretical yield. 
5.1.4.1 Results and Discussion 
 
Figure 70: CSD of the mixed sized batches for 7nm and 1um silica standard seeds at 0.25wt.%, 0.50wt.% and 1.00wt.% 
loads.  A distinct bimodal distribution is obtained with a seed load of 0.50wt.% of the mixed size silica seeded batch 
It appears that the quality of the product crystals is reduced as a result of the mixed seeded batches; 
a broad CSD and non-uniform crystal morphologies result from these seeded batches, as seen in 
Figure 70.  The broad CSD may arise from various local supersaturations within the vessel leading to 
different and competing nucleation and growth phases because of the 7nm fumed silica and 1µm 
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silica seeds.  Fumed silica is prone to agglomerate within aqueous solutions, thus interparticle pores 
are formed within the agglomerates in the solution.   
Evidence of polydispersity is observed at a seed load of 0.50wt.% in Figure 70, where there is a high 
proportion of both fines and a larger seed size range exhibiting bimodality. The larger size crystal 
mode with a peak around 1µm suggests that the crystals of this size originated from uncontrolled 
nucleation, because this same mode is obtained for the unseeded control batch.  The smaller size 
crystal mode with a peak found around 20µm could be the size of the primary crystals before 
complete growth.  The growth of the crystals approximately 20µm in size was limited due to the 
rapid consumption of the solution supersaturation of the earlier formed nuclei from uncontrolled 
nucleation.  The earlier formed nuclei subsequently grew in size to produce the crystals sized in the 
range of 1µm.  Why a polydisperse product crystal size distribution occurs at a medium seed loading 
level of 0.50wt.% with the mixed size seeded batch is yet unknown.  Such a degree of polydispersity 
is not obtained with the low and high seed loading levels of 0.25wt.% and 1.00wt.% respectively. 
At all three seed loads of 0.25wt.%, 0.50wt.% and 1.00wt.% of equal ratios of 7nm and 1µm silica 
seeds (i.e. weight ratios of 50:50), the crystal morphologies were not rendered uniform, as seen in 
Figure 71, Figure 72, and Figure 73.  It was assumed that a mixture of two distinct heterogeneous 
seed sizes would result in a bimodal size distribution under all three seeding levels.  This is obtained 
at 0.50wt.% load, but unusually not at the other two loads.  Crystal agglomerates are obtained at all 
three seed loading levels with the mixed size heterogeneously seeded batches, and especially at 
0.25wt.% and 1.00wt.% loads.  Potentially there is a load “cut off” at which the bimodal distribution 
occurs, in this case 0.50wt.% for the 7nm and 1µm seeds.  This “cut off” load of the mixed batch 
provides enough electrostatic repulsion between the crystals, when the seeds are adsorbed on the 
surface, such that fewer rigid consolidates are obtained. 
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Figure 71: Mixed Batch crystal morphology for 7nm + 1um (1:1) at 0.25wt.% load 
 
Figure 72: Mixed Batch crystal morphology for 7nm + 1um (1:1) at 0.50wt.% load 
 
 
Figure 73: Mixed Batch crystal morphology for 7nm + 1um (1:1) at 1.00wt.% load 
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5.2 Summary  
It is shown that the use of heterogeneous silica seeds affects the final crystal characteristics such as 
the CSD and secondary crystal morphology and the MSZW.   
Until a seed load of 1.00wt.% there is little CSD difference as a result of the heterogeneous seed size, 
despite the difference in the surface area provided by the seeds.  It is postulated here that the seed 
hydrophilic surface chemistry may have dominated the process of heterogeneous seeding rather 
than the seed size, as there is no significant difference in the CSD as a result of the silica seed size.  
Hydrogen bonding between the seed functional group and the solute may have resulted in surface 
adsorption of the paracetamol molecules. 
Because of the potential for hydrogen bonding on all the seed surfaces, which would reduce the 
interfacial tension with the clusters, there is minimal observable effect of the heterogeneous silica 
standards seed sizes on the crystallisation induction time.  Surface chemistry dominating the effect 
of seed size supports the findings that there is minimal difference in the CIT between the silica 
standards, inferring also that there is minimal difference in the reduction in the Gibbs free energy by 
the seeds. 
All the heterogeneous uniform size seeds lead to a monodisperse CSD, which is influenced by the 
secondary crystal agglomerates.  The presence of the heterogeneous silica seeds may have 
exacerbated the effects of agglomeration of the final crystal product.  Agglomeration of paracetamol 
remains a severe challenge when seeding with heterogeneous silica seeds.  The findings show that 
the size of the heterogeneous seed is not sufficient to control the final crystal morphology.   
The lack of uniformity in both the crystal morphology and size distribution when two different 
heterogeneous seed sizes were used emphasised the importance of the seed size characteristics.  
Potentially when seeding with heterogeneous mixed sized batches, at a critical seed load a bimodal 
crystal size distribution may result.  The bimodal CSD occurred at 0.50wt.% for the 7nm and 1µm 
mixed batch.   
These experimental findings have shown that there are clear differences between the hypothesis 
associated with seeding with homogeneous seed crystals as carried out extensively in industry and 
seeding with heterogeneous silica seeds.  
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5.3 The Effects of Seed Surface Area and Seed Porosity on the 
Crystallisation of Paracetamol 
As seen in the previous section, the seed size characteristics offer minimal control over the 
paracetamol product size and morphological characteristics.  A progression on the investigation of 
seed size is the seed surface area.  The surface area of the seeds is usually the main consideration in 
the seeding design for batch crystallisation unit operations.  A preference for high surface areas 
permits greater supersaturation consumption of the solution by the growing seeded crystals, and 
facilitates minimal nucleation.  The limitations in using crystal seeds include a minimal control over 
the seed properties other than seed surface area.  Highly porous templates such as bioglass have 
been increasingly applied to the crystallisation of proteins.  As such the term “universal nucleant” 
has propagated the protein crystallisation field with the intention of the template acting as a 
universally applicable nucleation enhancing surface.  In this section it is shown that in the 
crystallisation of paracetamol, the seed surface area is not the only topographical property to 
influence the product crystal size and morphology characteristics.  Microporous and mesoporous 
synthesised silica seeds are used here to highlight the importance of the seed pore size and pore 
shape.  This section also attempts to furthermore clarify if the seed size, seed surface area and pore 
shape are of equal importance in controlling the crystal size and shape characteristics, or if one or 
two seed physical characteristics dominate. 
This chapter shows the results of the characterisation of the Stöber synthesised silica seeds, and 
their impacts on the batch crystallisation crystal size and shape characteristics.  A summary of the 
effects is given at the end of this chapter. 
5.3.1 Background Theory 
From as far back as 1950 when Turnbull considered the retention of nuclei in conical and cylindrical 
cavities, pores and surface scratches on seeds have been reported as beneficial at enhancing the 
rate of nucleation of various crystallising entities (Turnbull, 1950, Fletcher, 1969).  Recent works in 
both organic compounds and protein crystallisation have suggested that pores on the body of the 
heterogeneous substrate have aided in reducing the Gibbs free energy barrier to nucleation.  Chayen 
et al. (2006) proposed a theoretical model based on the pore sizes of bioactive gel-glass similar to 
the van der Waals radii of protein molecules; if the heterogeneous substrate contained a wide range 
of pore sizes nucleation would occur in the optimum pore sizes for each protein.  Earlier they had 
successfully crystallised several proteins using porous silicon as the nucleant, and in five out of the 
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six chosen proteins, crystals were obtained in pore sizes ranging from 5-10nm in metastable 
solutions (Stolyarova et al., 2005).  Protein crystallisation has also been demonstrated most recently 
by Shah et al. (2012) who correlated the relationship between pore diameters and protein 
crystallisation solutions.  It was reported that the lower molecular weight proteins crystallise in pore 
diameters 3-4nm.  The higher the molecular weight of the protein, the wider the necessary pore 
diameter for successful protein crystallisation. 
In the crystallisation of APIs little known work has been investigated with heterogeneous seeds with 
the intention of controlling the final crystal size properties.  Boukerche et al. (2010) demonstrated 
that with silica seeds and carbon black seeds a polymorphic screening policy could be devised.  The 
heterogeneous seed was determined as unsuitable for the selection of polymorphs, yet deemed 
beneficial at increasing the kinetics of the stable polymorph through overcoming the Ostwald rule of 
stages.  Boukerche et al. used silica seeds with low surface areas of 80m2/g and did not report on the 
pore shapes nor pore diameters of the heterogeneous seeds.  Yet the pore shape has been 
demonstrated as being of significant importance in a simulation study of nucleation in microscopic 
pores by Page and Sear (2006).  The nucleation barrier was found to vary in accordance with the 
width of the rectangular pores.  One rate of nucleation increased as the pore width increased, and 
another rate of nucleation decreased with the same increase in the pore width; suggesting that the 
nucleation rate has a maximum at one value of pore width.  Later when simulating the crystallisation 
of a liquid phase in co-existence with the vapour phase in wedges of decreasing angles, Page and 
Sear (2009) reported that Monte Carlo simulations indicated a higher rate of nucleation of many 
orders of magnitude higher than on a planar surface.  The rate of nucleation was demonstrated by 
Page and Sear to decrease with decreasing wedge angles, indicating the possibility of certain pore 
widths providing a maximum nucleation rate.  The pore walls have been demonstrated to induce 
layering of the particles as a result of the confinement (Weeks and Nugent, 2007).  Such ordering 
and arrangement due to confinement can be exploited to enhance nucleation.  Simulations are 
employed to describe nucleation and crystal growth because atomic systems are too small to be 
observed accurately.  Colloidal particles in these simulations behave like large “atoms” and reflect 
the behaviours of smaller atomic and molecular systems (Zhang and Liu, 2009).  This section will 
investigate whether the presence of pores and pore shapes can be used to account for some of the 
effects of heterogeneous seed surfaces. 
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5.3.2 Synthesised Silica Seed Results 
The synthesised silica seeds were prepared following the protocols described earlier in 3.1.2 Porous 
Silica Seed Synthesis.  It was through adaptations of the Stöber synthesis using different 
morphological (seed shape determining) catalysts or different homogenising agents that various 
types of pore shapes could be obtained.  The various pore shapes thus allowed for the achievement 
of high surface areas.  Seeds with high surface areas are considered here greater than 300m2/g.   
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5.3.3 Discussion on the Synthesis and Characterisation of the High Surface 
Area Silica Seeds: HSAMESOSMALL 
 
Figure 74: A TEM micrograph of the HSAMESOSMALL seeds 
 
Figure 75: The HSAMESOSMALL seed size distribution  
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Figure 76: The nitrogen gas isotherm of HSAMESOSMALL seeds.  
 
Figure 77: The pore size distribution of the HSAMESOSMALL seeds. 
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Seed Name Seed size (nm) 
(standard 
deviation, nm) 
Surface area 
(m2/g) 
Pore volume 
(cm3/g) 
Pore Size 
(nm) 
HSAMESOSMALL 3.01 (+/-2) 446 (+/-138) 0.65 (+/-0.15) 5-10 
Table 13: The summarised seed characteristics for HSAMESOSMALL 
A micrograph of the synthesised silica seeds can be seen in Figure 74.  The synthesised seeds exhibit 
a seed size distribution close to a bimodal distribution, as seen Figure 75.  It is considered that the 
degree of seed size distribution with these seed is an acceptable penalty in achieving ink bottle 
shaped pores.   
These seeds were synthesised using ammonium hydroxide as the morphological catalyst and 
propan-1-ol as the homogenising solvent.  The basicity of the morphological catalyst along with the 
homogenising solvent led to sol pH conditions of 9.3 (+/-0.4).  The rate of the three mechanisms in 
the synthesis of silica from the silica precursor are determined by the pH of the sol.  As shown earlier 
in the three main steps consist of hydrolysis, water condensation and alcohol condensation; with the 
final two steps occurring in parallel and often described as polycondensation.  Base catalysed 
reactions favour the water condensation of the silanols (STEP 2 in Scheme 2) due to the abundance 
of hydroxyl ions from the strongly dissociating ammonium hydroxide catalyst.  Hydrolysis under base 
catalysed reactions is slower, thus aggregative growth of the silica monomers is more controlled.       
                     
       
Scheme 3: The dissociation ions from ammonium hydroxide in water 
The presence of the homogenising agent propan-1-ol acts as a topographical catalyst during the 
drying process.  Propan-1-ol has a lower surface tension than water, and can thus reduce the 
capillary pressure within pores in the silica seeds (Chou and Lee, 1994, Fidalgo et al., 2003).  The 
reduced capillary pressure within the pores means that drying of water is gradual, and the pockets of 
water collection become pores with ink-bottle shaped bodies. 
The ‘mesoporous ink-bottle pore’ shaped synthesised seeds exhibit a high surface area of 446m2/g 
(+/- 138) as a result of the ink bottle shaped pore as seen in Figure 76.  The synthesised silica seed is 
classified as a mesoporous material, and exhibits pores in the range of 2-50nm.  The isotherm is 
characteristic of a Type IV isotherm Figure 76.  It is due to the presence of the isotherm hysteresis 
that the pore shape can be inferred as an ink bottle shaped pore.  As seen in Figure 76 the isotherm 
shows an adsorption curve and a curve of nitrogen gas desorption.  The Type IV isotherm shape 
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indicates a strong interaction between the adsorbate molecules and the adsorbate molecules and 
the adsorbent (Oscik, 1982, Hosokawa et al., 2007).  As the system relative pressure (P/Po) increases, 
the nitrogen gas molecules in the system adsorb onto the silica seed surface.  As the relative 
pressure approaches equity the nitrogen gas molecules condense onto the surface of the seed, 
including in the pores.  Physical adsorption is a reversible process, and in the event that the rates of 
adsorption and desorption differ, a hysteresis is formed.  The hysteresis supports the suggestion that 
there are ink bottle shaped pores within the synthesised silica seeds.  Condensation of the adsorbate 
on the surface of the silica seed at high relative pressures, leads to capillary condensation.  
Condensation arises from close proximity of two opposite walls within the pores leads to the 
molecules experiencing a greater intermolecular attractive force compared to the forces on an open 
surface.  
The pore volume presented by these seeds of 0.65m3/g (+/- 0.15) as shown in Figure 77 is 
considered of medium level for silica seeds synthesised in the absence of surfactants or copolymers.  
Recent works demonstrating porosity enhancement of silica seed surface areas use triblock 
copolymers (Fuertes, 2004), which appear to have become quite popular in silica seed synthesis.  
Such authors seek surface areas in excess of 300m2/g, however as this work shows, high surface 
areas can be obtained in the absence of additional surfactants by altering the colloid synthesis 
conditions. 
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5.3.4 Discussion on the Synthesis of the High Surface Area Microporous 
Bimodal Seeds: HSAMICROBIMOD 
 
Figure 78: A SEM image of the HSAMICROBIMOD synthesised silica seeds 
 
Figure 79: Seed size distribution of the bimodal HSAMICROBIMOD synthesised silica seeds.  The two seed size modes are 
very narrow. 
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Figure 80: Nitrogen gas sorption isotherm of the HSAMICROBIMOD synthesised silica seeds.  The isotherm shape is 
characteristic of a Langmuir (Type I) monolayer 
 
Figure 81: The microporous pore diameter of the HSAMICROBIMOD synthesised silica seeds. The pore size is 
characterised as less than 2nm in width 
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Seed Name Seed size (nm) 
(standard 
deviation, nm) 
Surface area 
(m2/g) 
Pore volume 
(cm3/g) 
Pore size 
(nm) 
Pore shape 
HSAMICROBIMOD Bimodal 
5.9  (+/- 2) and 
23.8 (+/- 3) 
646 (+/- 20) 0.31 (+/-0.2) <2 Langmuir 
monolayer  
micropores 
Table 14: A summary of the seed characteristics for HSAMICROBIMOD 
A bimodal batch of synthesised silica seeds with a high surface area has been investigated to 
ascertain if the bimodality of the seed size affects the investigated crystal product characteristics.  As 
seen Figure 79, these seeds compose of a mixture of two distinct seed sizes of 5.9nm (+/-2) and 
23.8nm (+/-3).  It is considered that the bimodality results from potential agglomerates, as seen in 
the micrograph in Figure 78.  These seeds will be known as the high surface area microporous 
bimodal seeds: HSAMICROBIMOD.   
The surface area provided by these seeds is very high at 646m2/g (+/- 20).  The sorption isotherm 
shown in Figure 80 is characteristic of a microporous sample due to the Langmuir shape of the curve.   
In 1916 Langmuir described the interchange of molecules between the gas phase and the adsorbed 
film that formed on the surface of an adsorbent during changes in the vapour pressure (Gregg and 
Sing, 1967).  Langmuir philosophised that only one adsorbate molecule layer could be formed on the 
sample surface due to the strong physical bonds between the monolayer and the adsorbent being 
stronger than the molecular bonds between the monolayer and molecules in the bulk.  These seeds 
reflect the microporous nature of the Langmuir monolayer isotherm, with pore diameters less than 
2nm.  These seeds exhibit a low pore volume of 0.31cm3/g, which is due to the synthesis conditions.  
The morphological catalyst used to synthesis these seeds was sulphuric acid, and the homogenising 
solvent (topographical catalyst) was ethanol.  Both the morphological and topographical catalyst 
affect the pH of the sol.  The pH of the sol was 1.0 (+/-0.3) post synthesis.  Both sulphuric acid and 
ethanol are proton donors according to the Bronstead classification.  The two acids, especially 
sulphuric acid, have a high capability to disassociate donating a proton (see Scheme 4).  However in 
the presence of sulphuric acid, amphoteric ethanol will gain a proton.  Nonetheless both solvents are 
protic solvents (Loudon, 2002) which can alter the pH of the sol.  The rapid capability to provide 
hydroxyl ions faster and in higher abundance than water is the role of the morphological catalyst.  
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Scheme 4: The dissociation ions from the morphological catalyst sulphuric acid (Taylor-Francis, 2010-2011) 
The lower the pH the higher the surface coverage of hydroxyls and thus an increase in the silanol 
bound water content of the silica seed.  On drying the seeds, the higher bound surface water 
content leaves micropores within the particles, which Vansant, Van der Voort and Vrancken state 
are typical of acid catalysed sol reactions (Vansant et al., 1995). 
5.3.5 Discussion on the Synthesis of the Low Surface Area Mesoporous 
Bimodal Seeds: LSAMESOBIMOD 
 
Figure 82: A SEM of the LSAMESOBIMOD synthesised silica seeds showing the bimodality of the seeds 
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Figure 83: A seed size distribution curve showing two distinct seed modes in this batch. 
 
Figure 84: The nitrogen gas sorption isotherm for the LSAMESOBIMOD seeds.  This isotherm shape is characteristic of  
Type IV ink-bottle shaped pores 
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Figure 85: A pore volume distribution in the LSAMESOBIMOD seeds, showing that the pore size range is between 2 and 6 
nm in width. 
 
Seed Name Seed size (nm) 
(standard 
deviation, nm) 
Surface area 
(m2/g) 
Pore volume 
(cm3/g) 
Pore size 
(nm) 
Pore shape 
LSAMESOBIMOD Bimodal 
90 (+/-10) and 
398 (+/-10) 
253 (+/-65) 0.24 (+/-0.2) 2-6 Ink bottle 
Table 15: A summary of the seed characteristics for LSAMESOBIMOD 
 
Two batches of seeds were successfully synthesised using this method.  One batch resulted in low to 
medium surface area and the other resulted in high surface area.  Both seeds exhibited mesoporous 
and ink bottle shaped pores in the range of 2-6nm according to the BJH model. 
Firstly the low surface area seeds will be discussed.  These seeds are shown in the micrograph in 
Figure 82.  As seen in Figure 83 the seeds exhibit a bimodal seed size distribution; where one mean 
size of less than 10% volume is 90nm (+/-10), and the remaining 90% volume of the batch have a 
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mean size of 398nm (+/-10).  The larger mode around 398nm is assumed to result from 
agglomerates of the redispersed seeds, which is not seen in the micrograph, due to the preparative 
methods involved.  A bimodal size distribution is expected when synthesising silica seeds in the 
absence of size controlling surfactants but also if a weak morphological catalyst is used.  These seeds 
will be referred to as low surface area mesoporous seeds or LSAMESOBIMOD for short.  
LSAMESOBIMOD seeds were synthesised using 2M acetic acid and ethanol as the homogenising 
solvent or topographical catalyst.  Acetic acid is a weak acid that does not fully disassociate to 
provide H+ ions or protons in water.  The low capability of acetic acid to provide protons as the 
morphological catalyst means that STEP 1 of hydrolysis in the silica synthesis is inhibited by the lack 
of protons (see Scheme 2).  If the hydrolysis step in the mechanism is inhibited, the silica precursor is 
slowly protonated; i.e. the preliminary steps are slow.  Because the seed formation proceeds by an 
aggregative growth of monomers of the silica precursors through precipitation, if the monomer 
concentration is limited yet varies locally, the final seeds will have a polydisperse size distribution. 
Ethanol was the homogenising solvent. In combination with the morphological catalyst, the two 
solvents determine the sol pH.  However ethanol is also known as a drying control chemical additive 
(DCCA) in the Stöber synthesis of silica (Hench, 1985).  Acidic DCCAs minimise the differential rates 
of evaporation of water from the body of the silica network by reducing the surface tension (Chou 
and Lee, 1994).  Reduced drying rates of the silica seeds leads to reduced stresses on the walls of the 
pores in the bodies of the silica seeds, and allows to walls to thicken during the process of syneresis 
(the expulsion of a liquid from a gel during contraction) (Taylor and Sermon, 1995).  Acid catalysed 
Stöber reactions contain a significant amount of molecular water within the silica network (from the 
rapid hydrolysis step), which on drying becomes trapped in pores.  During the drying process this 
trapped water, in addition to water generated during the dehydration condensation of the surface 
silanols, escapes by diffusing towards the outer surface of the silica particle (Yamane, 1988).  The 
cavities left behind by the water produce the pores in the body of the silica seeds.  As seen Figure 84 
the sorption isotherm is representative of a Type IV isotherm with a H2 hysteresis indicating slightly 
ink-bottle shaped or capillary shaped pores.  The low pore volume, shown in Figure 85, from pores 
sized 2-4nm, is likely to have resulted from the low entrapment of water molecules within the pores.  
The lower dissociation of acetic acid in comparison to sulphuric acid is responsible for the reduced 
water entrapment.  
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5.3.6 Discussion on the Synthesis of the High Surface Area Mesoporous 
Seeds: HSAMESO 
 
Figure 86: A seed size distribution of the HSAMESO synthesised silica seeds 
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Figure 87: The nitrogen gas sorption isotherm for the HSAMESO seeds, showing a Type IV ink-bottle shape and hysteresis 
 
Figure 88: The pore size distribution of the HSAMESO seeds.  The pore size range is between 2 and 6nm in width 
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Seed Name Seed size (nm) 
(standard 
deviation, nm) 
Surface area 
(m2/g) 
Pore volume 
(cm3/g) 
Pore size 
(nm) 
Pore shape 
HSAMESO 316 (+/-74) 672 (+/-60) 0.73 (+/-0.5) 2-6 Ink bottle 
Table 16: A summary of the seed characteristics for HSAMESO 
 
The second batch of seeds synthesised under these conditions resulted in silica seeds with a larger 
size (see Figure 86), but with a higher surface area (as seen in Figure 87).  This batch of seeds will be 
referred to as HSAMESO (high surface area mesoporous seeds) due to the higher surface area 
contributed by the greater pore volume and the mesoporous pore size distribution.  The pH of the 
HSAMESO sol was 4.6 (+/-0.1), which resulted from the combination of 4M acetic acid and ethanol.  
This pH was provided by the stronger dissociating 4M acetic acid with the homogenising solvent 
which enhanced the availability of protons in the hydrolysis step and the polycondensation steps 
(STEP 2 and STEP 3 in Scheme 2) such that the seed size distribution was monomodal.  The acidic sol 
conditions also provided a faster hydrolysis step such that much more water was trapped in the 
silica network leading to a surface area of 672m2/g despite the pore size remaining in the 
mesoporous size range of 2-6nm.  The faster hydrolysis resulted from the increased molarity of the 
morphological catalyst.  As seen in Figure 87, the isotherm indicates that the HSAMESO seeds 
contain prominent and well-formed ink bottle shaped pores, support of increased water capillary 
entrapment due to the increased dissociation of the morphological catalyst. 
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5.3.7 Discussion on the Synthesis of the High Surface Area Microporous 
Seeds: HSAMICRO 
 
Figure 89: A SEM image of the HSAMICRO seeds, exhibiting uniform seed size and shape 
 
Figure 90: A SEM image of a second HSAMICRO seed batch 
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Figure 91: The seed size distribution of HSAMICRO seeds 
 
Figure 92: The nitrogen gas isotherm according to the BET model for the HSAMICRO seeds.  The isotherm exhibits a 
Langmuir (Type I) monolayer shape 
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Figure 93: The pore size distribution for the HSAMICRO batch seeds.  The pore size range is less than 2-3nm in width 
 
Seed Name Seed size (nm) 
(standard 
deviation, nm) 
Surface area 
(m2/g) 
Pore volume 
(cm3/g) 
Pore size 
(nm) 
Pore shape 
HSAMICRO 6.2 (+/-3.5) 616 (+/-35) 0.31 (+/-0.3) <2 Langmuir 
monolayer 
microporous 
Table 17: A summary of the HSAMICRO seed characteristics 
 
The seeds observed in Figure 89 and in Figure 90 were also synthesised using acetic acid as the 
morphological catalyst but at a concentration of 6M.  The pH that this batch was synthesised under 
was 4.2 (+/-0.1).  As seen in Figure 91 the seed size of this batch was monodispersed at 6.2nm (+/-
3.5), furthermore the sorption isotherm exhibited a Langmuir monolayer (Figure 92).  The Langmuir 
monolayer curve is a Type I isotherm that indicates the presence of micropores in the silica seeds.  
For this reason these seeds will be referred to as HSAMICRO (high surface area microporous seeds).  
Micropores in this batch suggest that the increase in the strength of dissociation of the acetate ions 
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along with the protons provided by the homogenising solvent ethanol led to a reduction in the sol 
pH, such that the rate of hydrolysis was higher than the rates of LSAMESOBIMOD and HSAMESO.  As 
a result the quantity of water bound molecules increased, which on release during drying, led to the 
pores being within the microporous range of less than 2nm, as indicated by Figure 93.  The result of 
microporous seeds in the HSAMICRO batch is due to the highly rapid hydrolysis mechanism in the 
formation of the silica particles in the presence of an acidic morphological catalyst.  The stronger 
concentrated acetic acid of 6M rapidly dissociate providing H+ ions which leads to a rapid production 
of water in STEP 2 in Scheme 2.  The product water is trapped within the silica network under rapid 
hydrolysis and water condensation steps.  The trapped water then forms the pores in the body of 
the seeds, resulting in the high surface area Table 17. 
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5.3.8 Synthesised Seeds Crystallisation Results and Discussion 
Based on the characterisation of the synthesised silica seeds, three groups of comparable seed 
characteristics could be made.  The results will be shown as thus: 
A- HIGH SURFACE AREA MESOPOROUS INK BOTTLE PORE SMALL SEED SIZE (HSAMESOSMALL) 
B- HIGH SURFACE AREA MICROPOROUS (HSAMICRO) vs. HIGH SURFACE AREA MICROPOROUS 
BIMODAL SEED SIZE DISTRIBUTION (HSAMICROBIMOD) 
C- LOW SURFACE AREA MESOPOROUS INK BOTTLE LARGE AND BIMODAL SEED SIZE 
DISTRIBUTION  (LSAMESOBIMOD) vs. HIGH SURFACE AREA MESOPOROUS LARGE AND 
MONOMODAL PARTICLE SIZE DISTRIBUTION (HSAMESO) 
5.4 High Surface Area Mesoporous Ink Bottle Pore Small Seed Size:  
HSAMESOSMALL 
5.4.1 Crystal Size Distribution 
 
Figure 94: The CSD of increasing loads of a high surface area mesoporous seed.  Monomodal and narrow CSDs are 
obtained at higher seed loading levels, with a penalty of an increase in the mean crystal size 
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As seen in Figure 94 the presence of the HSAMESOSMALL seeds at the three different seed loads 
results in three significantly different crystal size distributions of paracetamol.  At a low seed load of 
0.25wt.% the HSAMESOSMALL seeds lead to a right skewed and broad crystal size distribution.  
Potentially at 0.25wt.% the earliest nuclei grew into crystals which agglomerated, leading to the high 
mode at around 600µm.  Few crystals remained as primary unagglomerated crystals at 0.25wt.%.  At 
a medium seed load of 0.50wt.% the HSAMESOSMALL seeds  lead to a left skewed and also a broad 
crystal size distribution of the crystalline product.  Potentially at 0.50wt.% more crystals remained as 
primary particles, with fewer solid consolidates within the batch.  However, at a high seed loading 
level of 1.00wt.% a monodispersed narrow crystal size distribution is obtained, yet with the largest 
mean crystal size. 
It appears that the high seed loading level of 1.00wt.% the high surface area mesoporous seeds with 
a small seed size has an optimum seed loading level for a monodisperse CSD.  It could be argued that 
the seed loading level of 1.00wt.% offers the highest available seed surface area from the 
heterogeneous seeds, however as seen in the last section (The effect of low surface area silica 
standards) higher seed loading levels do not necessarily lead to increased optimum surface on which 
nucleation can proceed (see Figure 95).  With an increased level of seed load the HSAMESOSMALL 
presents a higher pore volume.  It is within the pores that a higher level of local supersaturation can 
be obtained, and nucleation is predicted to occur.  The restricted entry to the body of the pore by 
the narrow pore necks is stereotypical of pores which exhibit an ink bottle shaped pore body, and it 
is proposed that the ink bottle pores facilitate control of the local supersaturation.   
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Figure 95: A graphical representation of the poor correlation between heterogeneous surface area and mean crystal 
size.  The higher the surface area of the heterogeneous seed does not infer a reduced mean crystal size 
5.4.2 The Metastable Zone Width  
The solution concentration profile in Figure 96 shows that the metastable zone width in the 
presence of the HSAMESOSMALL seeds is reduced at all three seeding levels.  The solution 
concentration profiles follow a path similar to the solubility curve for paracetamol.  A solution profile 
within the unseeded control batch MSZW suggests that the high surface area mesoporous seeds 
with a small seed diameter, HSAMESOSMALL, provide an effective surface which aids and effectively 
control the solution supersaturation.   
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Figure 96: The MSZW of a high surface area mesoporous heterogeneously seeded batch with a small seed size, at 
increasing seed loads.  The MSZW is narrowed in these cases 
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Control of the solution profile to within the MSZW of the unseeded control batch by the 
HSAMESOSMALL seeds is thought to be due to the pore characteristics and not due to the seed size.  
This is because the mesoporous seeds contain pores within the body of the seeds which have a 
narrow neck entrance into the pore and a wide pore body.   
Confinement of the liquid in the base of the pores causes the solute molecules to rearrange.  The 
rearrangement of the molecules within the cluster leads to a higher degree of order leading to a 
reduction in the entropy of the cluster.  As the solution temperature decreases, the cluster viscosity 
increases, which as according to the Two Step nucleation theory, leads to an increase in the local 
cluster density.  This increase in the pore cluster density is unlikely to also be occurring in the bulk 
fluid at this level of supercooling.  Simultaneously, temporary hydrogen bonding between the silica 
seed surface in the pores, where there is a higher concentration of hydroxyls due to the curvature of 
the pore body (Vansant et al., 1995), and the paracetamol solute molecules further reduces the 
motion of the cluster.  Temporary and intermittent hydrogen bonds with the silanol surface groups 
of the silica seeds may reduce the motion of freedom of the clusters to easily exit the pore.  Cluster 
motion parallel to the walls of the pore may continue as these hydrogen bonds can occur along the 
pore wall.  Nonetheless, the combination of the hydrogen interactions with increasing cluster 
density in the pore may facilitate a minimum critical radius to be achieved earlier than in the bulk 
fluid.  Similar to glass transitions occurring sooner in confinement than in the bulk, nucleation is 
predicted to occur within the pores. 
As the heterogeneous seeds themselves are in constant agitation, as the seeds rotate.  Potentially 
due to the centrifugal effects the growing nucleus or newly formed crystal leaves the pore.  On 
exiting the pore the solute supersaturation level is kept low by the consumption rate of the growing 
crystals.  The pore may act as a catalytic site, where again another cluster may enter and eventually 
form a nucleus during the competition in crystal growth and nuclei formation in the early stages of 
supersaturation. 
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5.4.3 Crystal Morphology 
HSAMESOSMALL 
0.25wt.% 
  
HSAMESOSMALL 
0.50wt.% 
  
HSAMESOSMALL 
1.00wt.% 
  
Figure 97: The crystal morphologies obtained when seeding with increasing loads of high surface area mesoporous 
seeds.  The lower seed loads result in elongated crystals, whereas equant morphologies are obtained for 1.00wt.% load 
Despite an increase in the seed load of HSAMESOSMALL enhancing the crystal size distribution 
according to the CSD average results in Figure 94, the increase in the seed loads does not improve 
the crystal morphology with respect to agglomeration as seen in Figure 97.  At a low seed load of 
0.25wt.% the crystals show fewer rigid consolidates within the broad crystal size distribution.  At a 
seed loading level of 1.00wt.% rigid consolidates are obtained despite the equant prismatic uniform 
primary crystal morphology, despite the evident size distribution.  The evident agglomeration with 
the HSAMESOSMALL seeds at 1.00wt.% is attributed to increased electrostatic charging during the 
washing and filtration of the product.  As the slurry is collected from the batch vessel and filtered, 
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the passing of the washing and slurry water over the crystals and the seeds leads to a separation of 
charges.  The paracetamol crystal surface is likely to exhibit a negative surface charge and the silica 
seeds are also likely to exhibit a negative surface charge.  However, hydrogen bonding can occur 
between the crystal face and the water molecules if trace quantities are present before complete 
drying of the crystals.  Any trace quantities of water remaining on the crystals will form a liquid 
bridge between two adjacent crystal faces or between the silica seed surface and the crystal surface. 
 
Figure 98: A crystal face from HSAMESOSMALL 0.25wt.% seeded batch, showing finer smaller crystallites on the surface 
of the crystal indicating that secondary nucleation occurs at lower seed loads with mesoporous heterogeneous seeds. 
 
The difference in the morphologies of the primary crystals at 0.25wt.% and 0.50wt.% from those at 
1.00wt.% may be linked to the mechanism of crystal growth.  Figure 98 shows a crystal face that 
shows many smaller crystals commencing growth on the surface.  This occurrence of potentially 
secondary nucleation is not observed on crystals at 1.00wt.% loads with the HSAMESOSMALL seeds.  
Thus at a seed load of 1.00wt.% the absence of elongated prismatic crystals suggests that crystal 
growth occurred predominantly from primary formed crystals, and at lower seed loads of 0.25wt.% 
and 0.50wt.%, secondary nucleation occurred, which competed with growth proceeding from the 
heterogeneous seed pores.  At seed loads of 0.25wt.% and 0.50wt.% an elongation in the 
paracetamol crystals is obtained.  At 1.00wt.% the paracetamol primary crystals exhibit a more 
equant prismatic shape. 
The HSAMESOSMALL seeds contain mesopores with a diameter range from 2-6nm and ink bottle 
shaped pores.  It is suggested that elongated morphologies of paracetamol are obtained at 0.25wt.% 
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and at 0.50wt.% loading levels with these heterogeneous seeds are due to the early growth process 
occurring within the ink-bottle shaped pores.  Because ink-bottle shaped pores possess pore necks 
that are characteristically narrower than the pore body, both nucleation and the early stages of 
crystal growth may have occurred within some of the pores in the HSAMESOSMALL seeds. 
Similar to nucleation, crystal growth occurs in order to reduce the surface free energy of the 
crystallising entity.  When unrestricted growth occurs, the fastest growing faces of the crystal will 
grow themselves out of morphological importance, whereas the slowest growing faces exhibit the 
greatest morphological importance (Dhanaraj et al., 2010).  In the presence of pores, the crystal 
orientations of paracetamol with a <hkl> direction with a non zero l index parallel to the pore axis 
are inhibited in the presence of the HSAMESOSMALL seeds, because the crystals cannot grow in this 
direction.  The crystal faces of paracetamol with a higher growth rate of the <hk> will dominate in 
the pores leading to an elongated morphology (Steinhart et al., 2006). 
The surface free energy contributions of the heterogeneous surface and the interface of the pore 
bodies lead to a reduction in the total Gibbs free energy of the pre-critical nucleus may lead to 
stabilisation of the cluster which would not have occurred in the bulk fluid.  These effects lead to 
changes in the thermodynamic equilibrium in the nucleation process.  Although these 
thermodynamic effects are not sufficient enough to result in a change in the polymorphic form of 
paracetamol, different pore diameters and shapes may do so for different pharmaceutical 
compounds (Rengarajan et al., 2007). 
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5.4.4 Crystallisation Induction Time 
 
Figure 99: The CIT of the high surface area mesoporous ink-bottle shaped pore seeds at three different seed loads.  
 
No significant difference in the crystallisation induction times (CIT) is obtained when seeding with 
the HSAMESOSMALL seeds at the three different seed loading levels in Figure 99.  The apparent 
induction times are the same as the unseeded control average batches.  The induction times do not 
corroborate with the solution profiles seen Figure 96, which suggests that the mechanisms are more 
complex than previously considered.  The minimum resolution of the turbidity indicator is 0.50µm, 
meaning that the nucleation phase and crystal growth smaller than 0.50µm will be undetected by 
the turbidity indicator.   
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5.5 High Surface Area Microporous Seeds (HSAMICRO) vs. High Surface 
Area Microporous Bimodal Seed Size Distribution (HSAMICROBIMOD) 
5.5.1 Crystal Size Distribution 
 
Figure 100: CSD comparisons of microporous high surface area and bimodal seeds at increasing seed loads and in 
comparison to a monodispersed high surface area microporous seed 
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Figure 101: With the microporous seeds with a high surface area HSAMICROBIMOD there is a direct correlation between 
increasing seed surface area and decreasing mean crystal size 
 
As seen in Figure 100, there is a significant difference in the crystal size distributions of high surface 
area and microporous seeded batches from both the monodispersed and bimodal seed size 
distribution seeded batches.  At 0.50wt.%, or normal seed loading conditions in this work, the 
HSAMICRO monodispersed seeds result in a narrower CSD and lower mean crystal size in 
comparison to HSAMICROBIMOD and the unseeded control batch.   
The bimodal HSAMICROBIMOD seeds exhibit different CSD with respect to seed loads.  The 
HSAMICROBIMOD seeds were investigated firstly at a seed load of 0.50wt.%, then the 
HSAMICROBIMOD seeds were further investigated at both 0.25wt.% and 1.00wt.%.  At 0.25wt.% the 
HSAMICROBIMOD seeds exhibit an identical average CSD to the average CSD of the unseeded 
control batch of paracetamol.  However at a high seed load of 1.00wt.% the mean crystal size is 
reduced to approximately 100µm, with a smaller size mode around 500µm.  This latter size mode is 
considered to be from agglomerates of the primary crystals. 
There is a direct correlation between increasing the HSAMICROBIMOD seed load and the decreasing 
mean crystal size obtained as seen in Figure 101.  The CSD of the 1.00wt.% product crystals is not 
completely monomodal, yet a clear reduction in the mean crystal size is obtained with higher seed 
loading levels of the HSAMICROBIMOD despite the bimodality of the seed sizes.   
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Both seeds, HSAMICRO and HSAMICROBIMOD, possess high surface areas in the excess of 600m2/g 
and microporous seed sizes, yet both seeds lead to different CSD at the same seed load of 0.50wt.%.  
It could be inferred that the narrow crystal size distribution from the HSAMICRO seeded batches 
results from the narrow and small heterogeneous seed size (6.2nm) and size distribution.  The broad, 
yet decreasing CSD that arose from the bimodal HSAMICROBIMOD batch with increasing seed loads, 
may be linked to the bimodality of the heterogeneous seeds.  The presence of the higher seed mode 
of 23.8nm may have reduced the available surface area for the clusters in the solution.  It could be 
inferred from these results that the higher the proportion of the high surface area yet bimodal seeds 
with the increasing seed loads provided an increased load of the smaller seeds around 5nm in 
diameter, which provided a beneficial seed surface area and surface topography that reduced the 
interfacial tension of the clusters.  Both the HSAMICRO and the HSAMICROBIMOD seeds provided a 
reduction in the mean crystal size in comparison to the unseeded control batch, and this is 
attributed to the micropores in these seeds acting as catalytic sites (Cacciuto et al., 2004). The close 
proximity of the micropore walls permit attachment and stability of the clusters.  Once crystal 
growth has commenced, the minute crystals fall away from the micropore body into the bulk of the 
solution. 
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5.5.2 The Metastable Zone Width 
 
Figure 102: The MSZW of two high surface area microporous seeds. The HSAMICROBIMOD seeds showing a widening of 
the MSZW, and the HSAMICRO seeds showing a narrowing of the MSZW in comparison to the unseeded control batch. 
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As seen in Figure 102, both of the high surface area and microporous seeds show two different 
effects on the control of the solution profile.  The HSAMICROBIMOD seeds at three seed loading 
levels show entry into the labile zone around 48-50˚C; with the 1.00wt.% batch showing the latest 
entry into the labile zone.  The HSAMICRO seeds at only a seed load of 0.50wt.% show evidence of 
supersaturation control to within the MSZW of the unseeded control batch.  The physical differences 
between these two heterogeneous seeds are the seed size distributions.  The microporous 
HSAMICROBIMOD seeds and potentially microporous seeds in general, show evidence of lower 
solution supersaturation control because of the lack of a pore neck in the microporous pores.  
Microporous pores have a pore width of less than 2nm, and typically contain shallow pore bodies.  
Because of their shallow pore bodies and minimal resistance pore necks, there is little restriction for 
entry and exit from the pore bodies for the solute molecules.  All the seeded batches showed 
solution control until approximately 50˚C, after which the HSAMICRO seeds continued to control the 
supersaturation to remain within the MSZW of the unseeded control batch, however the 
HSAMICROBIMOD did not show such control.  This control is attributed to the micropores.  
Intermolecular interactions between paracetamol solute molecules and the surface silanols on the 
silica seeds proceed by hydrogen bonding.  Hydrogen bonding is a strong molecular surface 
interaction, however it cannot exceed the physical motions of the solute molecules.  The pore 
diameter plays an important role in the spacing of bridged silanols and the effect of hydrogen 
bonding.  Smaller pores exhibit a more negative radius of curvature and this negative radius causes a 
decrease in the intersilanol distance (Vansant et al., 1995), and this strengthens the hydrogen 
bonding to the solute molecules.  Hence hydrogen interactions were possibly responsible for the 
temporary supersaturation control, facilitating the adsorption of the paracetamol molecules onto 
the silica surface.   
Heterogeneous nucleation is an activated process; however it is assumed that all the available 
nucleation sites on the heterogeneous surface have an identical nucleation barrier.  Such an 
assumption from the CNT may be incorrect.  In the CNT the prefactor, An, describes the number 
density sites for heterogeneous nucleation, which consists of the number density of the 
heterogeneous seeds multiplied by the number of sites on the heterogeneous seed that a critical 
nucleus can form on the seed (Sear, 2007), in (Walton, 1969) (Equation 8): 
      √
 
  
       
( 
  
  ) 
However due to the variations on the heterogeneous seed surface, the energy barrier will vary from 
nucleation site to nucleation site on the same seed, which is exhibited through not only the Gibbs 
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free energy but through the activation energy barrier in the exponential term (in Equation 8) 
(Walton, 1969).  In a wedge or in a pore where a nucleus can form an interface with two of the 
heterogeneous adjacent surfaces, contact with the two surfaces leads to a reduction in the free 
energy of the cluster in comparison to when in contact with only one surface, as seen in Figure 103.  
This is because there is an energy cost for the contact of the nucleus with the seed surface in the 
creation of an interface between the two bodies.  In the formation of one interface with a 
heterogeneous surface, the penalty is related to the wetting of the surface; good wetting results in a 
low energy penalty.  In the formation of two interfaces by the pre-critical nucleus with the 
heterogeneous surface, the energy cost to the nucleus is doubled as energy is required to wet two 
surfaces. 
 
Figure 103: The interfacial surfaces in contact with the pre-critical nucleus or cluster on (a) a flat surface on the right, and 
(b) in a wedge pore on the right.  There is a penalty cost associated with the formation of an interface with the 
heterogeneous surface 
Because of the higher free energy loss in the formation of two interfaces in a pore or wedge, the 
cluster experiences a greater reduction in the free energy, potentially increasing the rate of 
nucleation.  The micropores in HSAMICRO even at 0.50wt.% may have provided a narrow enough 
pore or slit pores in which the pores filled with the fluctuating increasingly dense pre-critical nucleic 
fluid. 
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5.5.3 Crystal Morphology 
Seed name and seed load   
HSAMICROBIMOD 
0.25wt.% 
 
(a) 
  
HSAMICROBIMOD 
0.50wt.% 
 
(b) 
  
HSAMICROBIMOD 
1.00wt.% 
 
(c) 
  
HSAMICRO 
0.50wt.% 
 
(d) 
  
Figure 104: The crystal morphologies of paracetamol from two high surface area and microporous seeded batches. 
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As seen in Figure 104, the crystal morphologies of the microporous seeded batches results in 
different paracetamol crystal morphologies.  The morphologies of the HSAMICROBIMOD at 0.25wt.% 
and 1.00wt.% appear to be similar in the primary crystal shape, however there appears to be more 
rigid consolidates (agglomerates) in the batches from the lower seed load of 0.25wt.%.  There is 
significant agglomeration of the paracetamol crystals from the HSAMICROBIMOD at 0.50wt.%, 
where the primary crystals exhibit either an elongated morphology or an equant prismatic primary 
paracetamol crystal shape. 
The agglomeration observed at 0.25wt.% is similar to the unseeded batch paracetamol aggregate 
size, and explains the broad CSD curve for the 0.25wt.% in Figure 100.  This means that the primary 
paracetamol crystals aggregated in the presence of the HSAMICROBIMOD at 0.25wt.% in a similar 
fashion to the primary crystals in the absence of heterogeneous seeds.  Also the crystal 
morphologies of those from the 1.00wt.% seeded batch reflect the reduction in the CSD shown in 
Figure 100, as the primary crystal size shows a reduction in comparison to the unseeded control 
batches, in addition to a roundening of the crystals.   
The crystals which result from the HSAMICROBIMOD 1.00wt.% load are optimal for processing due 
to the looser consolidates which would facilitate shorter milling times, and also increased flowability 
of the paracetamol crystals due to the roundness of the primary crystals (McKeown et al., 2011).  
The crystals which result from the HSAMICROBIMOD 0.50wt.% load are the least operationally 
desired batches.  The intergrowth and severe agglomeration indicate that 0.50wt.% load is not the 
optimal seed loading level for a high surface area seed with micropores and bimodal seed sizes for 
optimum morphology of the crystals. 
These micrographs in Figure 104 support the trends in the MSZW indicating an entry of the 0.25wt.% 
HSAMICROBIMOD batch into the labile zone.  The various crystal sizes of HSAMICROBIMOD 
0.25wt.% batches indicate that uncontrolled nucleation occurred.  The larger crystals are likely to be 
from the first and earliest nuclei, and the smaller crystals resulting from later formed crystals.  
Similar suggestions could be applied to the 0.50wt.% load also.  However the HSAMICROBIMOD 
1.00wt.% batches do not show evidence of earlier formed nuclei, which then subsequently grew 
earlier into larger crystals.  The crystals from the HSAMICROBIMOD at 1.00wt.% load show 
uniformity in size and shape, yet the solution concentration profile in Figure 102, indicates that an 
entry into the labile zone does occur with these heterogeneously seeded batches, albeit later than 
the two lower seed loads, which may have allowed for controlled nucleation and crystal growth to 
have occurred at this seed load.  The higher seed load of HSAMICROBIMOD may have increased the 
available surface area for the adsorption of the paracetamol molecules to the surface of the seeds, 
193 
 
which controlled the rate at which the crystals grew, leading to increased uniformity in both size and 
shape. 
The 0.50wt.% load of the HSAMICROBIMOD seeds exhibit spherulitic morphology in the secondary 
crystal morphology.  A larger scale is shown in Figure 105.  The primary crystal shape exhibits 
elongation of the prismatic shape in comparison to the unseeded control batch of monoclinic 
paracetamol.  Growth of the spherulitic crystals may have occurred from two occurrences.  Firstly 
nuclei which formed in the body of the pore, may have remained until the early stages of crystal 
growth.  Pore confinement along the <hk> directions may have led to restrictions in directional 
growth, resulting in elongated crystals.  Secondly, the crystals which grew within the pores may have 
undergone layer interactions with the hydroxyls on the surface of the silica seeds and the 
paracetamol crystals.  The hydrogen bonds with the paracetamol crystals may have been strong 
enough to impede an exit of the crystal from the micropores.  If many pores on the same seeds led 
to enhanced hydrogen bonding with the paracetamol crystal surface in addition to pore directed 
growth, spherulitic crystals resulted.  Steinhart et al. determined that the fastest growing face of the 
crystal points radially outwards on spherulites (Steinhart et al., 2006). 
 
Figure 105: Spherulitic secondary crystal morphologies from the high surface area microporous HSAMICROBIMOD seeds 
at 0.50wt.% 
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5.5.4 Crystallisation Induction Time 
 
Figure 106: The CIT of two high surface area microporous seeds.  A difference in the gradients of the turbidity indications 
is seen with the bimodal seeds different seed loading levels 
As can be seen in Figure 106, there does not appear to be a difference in the CIT of the high surface 
area synthesised silica seeds and the unseeded batch average.  Neither is a difference observed in 
the CIT with varying seed loads of HSAMICROBIMOD.  The absence of a reduced CIT with increased 
seed loads suggests that for some heterogeneous seeds, there may actually be a limited number of 
sites that promote nucleation (Turnbull, 1950). 
What is observed is a difference in the gradient of the turbidities of the batches.  The steepest 
gradients are obtained from the HSAMICROBIMOD at 0.25wt.% and 1.00wt.%, with more gradual 
gradients obtained from HSAMICROBIMOD at 0.50wt.% and HSAMICRO at 0.50wt.%.  Beckmann 
proposed that the sharp increase in the crystal number density with increasing supercooling was as a 
result of secondary nucleation occurring on the primary formed crystals, in an event described as 
“avalanche” growth (Beckmann, 2000).  The preliminary increase in turbidity arises from 
macroscopic crystal growth in the presence of the heterogeneous seeds, then according to 
Beckmann, secondary nucleation and crystal growth occurs on the primary formed crystals.  
Secondary nucleation is a rapid occurrence due to the parent crystal reducing the interfacial tension 
of the critically sized clusters on the surface.  As such the avalanche effect arises from the onset of 
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the secondary nuclei which form on the primary formed crystals in the presence of the highly porous 
synthesised seeds.  Beckmann’s postulations suggest that the steepness of the gradient is a 
reflection of the increase in the crystal number density with time and or supercooling.  Hence the 
higher the gradient the higher the crystal number density with time, and the more gradual the 
gradient, the slower the increase in the crystal number density with time.   
When the seed loading levels of HSAMICROBIMOD are considered at 0.25wt.% and at 1.00wt.% 
steeper gradients are obtained; suggesting a higher crystal number density production rate.  The 
micrographs ((a) in Figure 104) support the argument of the “avalanche” effect in the presence of 
the 0.25wt.% seeded batch and the CSD data supports this mechanism for the 1.00wt.% seeded 
batch (Figure 100).  It is not known why a higher crystal number density production would occur at a 
lower seed loading level of 0.25wt.% rather than at 0.50wt.%.  The micropores do not usually 
contain a narrow neck that would restrict entry and exit from the body of the pores.  It is suggested 
that similar to a catalyst active site, the pores act as nucleation sites.  The spherulitic crystal growth 
only occurred at 0.50wt.% hence potentially this growth mechanism minimised the crystal number 
density. 
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5.6 Low Surface Area Mesoporous Ink Bottle Large and Bimodal Seed Size 
Distribution (LSAMESOBIMOD) vs. High Surface Area Mesoporous 
Large and Monomodal Seed Size Distribution (HSAMESO) 
5.6.1 Crystal Size Distribution 
 
Figure 107: The CSD comparison of one low surface area mesoporous seed with bimodal seed size distribution, and a 
high surface area mesoporous seeded batch 
The crystal size distribution of the low surface area and high surface area mesoporous seeds is 
similar to the unseeded batch average crystal size distribution, as seen in Figure 107.  All three 
batches exhibit a crystal size mode around 100µm and 1mm.  The use of the mesoporous seeds, 
both with high and low surface areas indicates that the crystal size distribution is not improved and 
there is not a reduction in the mean crystal sizes with all mesoporous seeds. The large crystal sizes 
obtained with these mesoporous seeds will be explained further in the discussion on the crystal 
morphology. 
5.6.2 The Metastable Zone Width 
In Figure 108 a comparison of the solution concentrations of two heterogeneously seeded batches 
both at the normal seed loading levels of 0.50wt.% are shown.  Despite the low surface area of 
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LSAMESOBIMOD, the solution profile remains within the MSZW of the unseeded control batch.  The 
solution profile of the HSAMESO also remains within the MSZW.  It is considered that both solution 
profiles remain within the MSZW of the unseeded control batch as a result of the seed pore 
characteristics; both contain ink bottle shaped pores with a narrow neck and wide pore body.  It may 
be considered that the clusters of paracetamol are temporarily trapped within the body of the 
pores, due both to intermolecular interactions with the silanol groups and due to the narrow pore 
necks.   Once nucleation has occurred, the nuclei may remain temporarily within the body of the 
mesoporous pore, where due to diffusion, the local supersaturation of the pore will be lower than 
the bulk solution, causing an inward movement of paracetamol solute molecules into the pores 
where they are rapidly consumed in crystal growth.  Although nucleation only requires one nucleus 
to be successfully formed from the old bulk liquid phase, if many nuclei are formed in various pores 
in the heterogeneous seeds in the solution, the solute concentration will remain low due to 
consumption.  This is why for both the mesoporous heterogeneous seeds shown in Figure 108, the 
solution concentration at the normal seed loading level of 0.50wt.% remains within the MSZW. The 
seed mesoporosity takes predominant effect in the control of the metastable zone width and not 
the degree of size distribution nor the surface area. 
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Figure 108: The MSZW of a low surface area mesoporous bimodal seeded batch and a high surface area mesoporous 
seeded batch at 0.50wt.% load 
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5.6.3 Crystal Morphology 
LSAMESOBIMOD 
(0.50wt.%) 
 
  
HSAMESO 
(0.50wt.%) 
 
  
Figure 109: The elongated crystal morphologies obtained when seeding with mesoporous seeds at 0.50wt.% load (a 
larger scale bar is used due to the larger primary crystal sizes) 
The crystal morphologies that result from both the high surface area and low surface area 
mesoporous seeds exhibit an elongated prismatic shape in comparison to the unseeded batch 
control of paracetamol.  The elongated morphologies explain for the high mean crystal sizes and 
broad crystal size distribution observed (Figure 107).   
Due to the mesoporous seeds containing pores that exhibit a narrower pore neck in comparison to 
the pore body, it is proposed that the elongated morphologies of the seeded batches arise from 
entrapment of the crystals within the pores.  Subsequent to nucleation, once crystal growth 
commences, the crystal will grow fastest along the axis that has the smallest unit lattice spacings.  In 
the event that crystal growth is impeded along an axis, that axis will no longer exhibit a normal 
growth rate, as would have occurred in the absence of obstructions.  In the mesopores, where the 
pores were characterised as 2-6nm in width, crystal growth would have been restricted in the 
direction parallel to the pore width.  Growth in the direction parallel to the pore entry would not 
have been restricted, leading to the face of the crystal that grew normal to the pore mouth to have 
grown itself out of morphological importance.  The slowest growing faces give rise to the faces with 
the highest morphological importance (Dhanaraj et al., 2010) due to the higher interplanar spacings 
as according to the Bravais-Friedel-Donnay-Harker energy attachment model (Clydesdale et al., 
1996, Blagden, 1996).  Stolyarova et al. (2005) support this suggestion as they considered that crystal 
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growth is possible inside of the pores if the pore size is greater than the lattice dimensions.  Since 
the lattice dimensions of Monoclinic paracetamol are 12.93Å, 9.40Å, and 7.10Å (Haisa et al., 1976); 
all unit lattices are smaller than the 2-6nm pore sizes of these mesoporous synthesised silica seeds.  
There appears to be more uniform and elongated crystals from the HSAMESO seeds (see Figure 109) 
because these seeds possess a higher pore volume of 0.73cm3/g, whereas the LSAMESOBIMOD 
seeds only contain a pore volume of 0.24cm3/g.  Thus the higher the mesoporous pore volume, the 
higher the number of crystals that grow within the pores, and are restricted in growth axis parallel to 
the pore width.   
5.6.4 Crystallisation Induction Time 
 
Figure 110: The CIT comparison of the high surface area and low surface area mesoporous seeds at 0.50wt.%.  There is 
no significant difference in the CIT of these two batches according to the turbidity indications. 
As seen in Figure 110, the turbidity indications of the high surface area mesoporous seeds HSAMESO 
and the low surface area mesoporous seeds LSAMESOBIMOD at the normal seed loading level of 
0.50wt.%, show no significant difference in the induction times in comparison to the unseeded batch 
average.  The absence of a difference in the CIT is unclear as the solution profiles show a distinct 
narrowing of the MSZW by the two seeded batches. 
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5.7 Mixed Seeded Batches: Synthesised and Manufactured Silica Seeds 
The heterogeneously seeded mixed batch investigations aim to investigate if the characteristics of 
the crystal products are a reflection of the mixed heterogeneous seed properties.  For example if 
seed A is mixed with seed B, will the crystal product exhibit characteristics of A+B or will certain 
characteristics from A be more dominant than from B.  These mixed batches are used in order to 
define a simple outline of a matrix in the optimisation of crystal morphology.  Where the mixed 
batches showed results of interest, i.e. variations in the crystal morphology from the unseeded batch 
paracetamol batches, the weight ratios were changed.  The heterogeneous silica standards with the 
highest surface area (396m2/g, +/-7) were combined with synthesised seeds with a surface area of 
672m2/g (+/-60) with micropores.  Additional seed characteristics were shown in earlier sections. 
5.7.1 HSAMICRO + 7nm Silica Standard (50:50) wt. ratio at 0.50wt.% 
loading level 
         
Figure 111: SEM images of the crystal morphologies from a mixed seeded batch of high surface area synthesised silica 
seeds HSAMICRO and 7nm silica standards (50:50) weight ratio and 0.50wt.% load 
The combination of the high surface area microporous seeds HSAMICRO and the low surface area 
7nm silica standards seeds results in finer, more platy paracetamol crystals, as seen in Figure 111.  
There is a higher volume (%) of smaller finer crystals with this mixed heterogeneously seeded batch.  
There is little agglomeration of the larger sized crystals, but agglomerates of the finer smaller 
crystals onto the larger crystals.  There is an absence of uniform crystal morphology of the product 
of the HSAMICRO and the 7nm silica standard seeded batch.  Potentially the mixed batch of high 
surface area with micropores (HSAMICRO) and the 7nm (fumed) silica standard seeds may change 
the morphology of the paracetamol crystal.  The presence of the micropores from HSAMICRO and 
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the pores from the 7nm fumed silica standard seeds supports the earlier proposed suggestion that 
the pores can, to a limited degree, control the crystal morphology. 
This mixed batch of equal weight ratios of the HSAMICRO and the 7nm silica standard seeds results 
in the lowest mean crystal sizes of paracetamol, as seen in Figure 112 (red curve).  There is evidence 
from the two higher modes around 200µm and 600µm that agglomerates are formed in this mixed 
batch conditions, however the degree of agglomeration is not as severe as with the following 
batches. 
 
Figure 112: A comparison of the CSD of the mixed heterogeneously seeded silica batches with the CSD of the parent 
seeded batches: 7nm silica standard seeds and the HSAMICRO synthesised silica seeds 
Due to the interesting findings of the mixed batch of a high surface area seed with the 7nm fumed 
silica standard, an increase in the loading ratio to 1.00wt.% was investigated.  Furthermore a change 
in the weight ratio of the HSAMICRO and 7nm silica standards was considered of interest due to the 
significant changes in the shape of the paracetamol product crystal. 
5.7.2 HSAMICRO + 7nm Silica Standard (50:50) 1.00wt.% 
As seen in Figure 113, the mixed batch between the high surface area microporous synthesised silica 
seeds and the 7nm silica standards at a seed load of 1.00wt.% results in a uniform prismatic crystal 
morphology.  There is not significant agglomeration of the primary crystals, although agglomeration 
still persists with the high surface area seeds.  The micrographs support the CSD data shown in 
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Figure 112 as it can be observed that there is still a significant crystal size distribution, yet not as 
severe as with other heterogeneously seeded batches.  In fact, with the increase in the seed load of 
the equal weight mixed seeded batch leads to an increase in the mean crystal size, as seen in Figure 
110 (green curve).  The agglomerates are shown in the higher size modes around 200µm and 
600µm. 
   
Figure 113: The crystal morphology of the mixed seeded batch between the HSAMICRO seeds and the 7nm silica 
standards at (50:50) weight ratio and 1.00wt.% load 
5.7.3 HSAMICRO + 7nm Silica Standard (80:20) 0.50wt.% 
   
Figure 114: SEM images of the product crystal morphology of a mixed batch of high surface area microporous 
synthesised silica seeds and 7nm silica standards at a (80:20) weight ratio of 0.50wt.% seed loading level 
When the weight ratios of the high surface area and microporous synthesised silica seeds are 
increased in the seed loading level, a different morphology and crystal size distribution of the 
product crystals is obtained.  By increasing the ratio of the HSAMICRO seeds to 80% of the seed load 
at 0.50wt.%, prismatic crystal faces are obtained and the primary crystal morphologies become less 
rounded.  The level of agglomeration appears to have marginally increased in comparison to the 
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product batch from the (50:50) and 1.00wt.% load.  The crystal size distribution exhibits 
characteristics of both the 7nm silica standard seeds and the synthesised HSAMICRO silica seeds at 
0.50wt.% load.   This CSD similarity to the two silica seeds shows that the two seeds have a different 
effect on the CSD of the batches even when in different weight ratios.  The increase in the 
synthesised HSAMICRO seeds in the batch ratio results in an increase in the mean crystal size.  
5.7.4 HSAMICRO + 7nm Silica Standard (20:80) 0.50wt.% 
   
Figure 115: SEM images of the product crystal morphology when mixed batch HSAMICRO and 7nm silica standard seeds 
are used at (20:80) and 0.50wt.% load 
When the 7nm silica standards are in the higher weight proportion of the load, the morphology of 
the primary crystals exhibits a more rounded shape similar to the crystals from the (50:50) 1.00wt.% 
seeded batches (see Figure 113).  The distinct monoclinic faces are indistinguishable from many of 
the micrographs.  The level of agglomeration of the primary crystals is not worsened by the change 
in the weighted ratio. The agglomeration of this mixed heterogeneously seeded batch is improved in 
comparison to unseeded control batches of paracetamol. These findings in addition to the 
micrographs from the (50:50) 1.00wt.% seeded batch indicate that the synthesised and purchased 
silica seeds have different effects on the crystal growth mechanism.  The CSD of this seeded batch 
reflects that of the HSAMICRO and 7nm silica standards seeded batch at (50:50) and 1.00wt.% load.  
This mixed seeded batch ratio increases the mean crystal size in comparison to the (50:50) at 
0.50wt.% load, indicating that increasing the weight ratio of the 7nm silica standards does not 
enhance the capability of the mixed batch to reducing the mean crystal size of the product any 
better than the equal ratio (50:50) at 1.00wt.%.  It will now be discussed as to the reasons behind 
these effects of the mixed batch ratios.  
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5.7.5 Discussion on the Mixed Heterogeneously Seeded Batches 
The HSAMICRO seeds are synthesised silica seeds with a high surface area of 616m2/g, with pore 
diameters of less than 2nm and a monodispersed seed size of 6.2nm. The HSAMICRO seeds contain a 
low pore volume of 0.31cm3/g despite their high surface area.  In comparison the 7nm silica seeds 
possess a seed diameter of 7nm (+/-6) and have a surface area of 396m2/g.  The manufactured silica 
standards possess a pore volume of 0.68cm3/g, which is high in comparison to the synthesised 
HSAMICRO seeds.  However, here it is not suggested that the various crystal morphologies and even 
crystal size distributions can be explained solely based on the two seed physical characteristics.  It is 
of more technological importance to compare the surface structures and properties of the 
synthesised silica seeds and the silica standards. 
On the synthesised precipitated silica surface the surface silanol groups are hydrogen bonded either 
to the hydroxyl groups of adjacent silanols, through vicinal bonding or to water molecules.  Isolated 
silanol groups are only on the dried surface of the synthesised silica seeds.  Fumed silica seeds 
exhibit a slightly different surface chemical structure.  Liu and Maciel (1996) demonstrated that from 
NMR studies there are some silanol groups which showed no evidence of hydrogen bonding to 
water molecules.  They argued that there are silanols on fumed silica which are “truly isolated”; 
indicating that some silanol groups on the fumed silica seeds are inaccessible to hydrogen bonding 
molecules.  In effect, the fumed silica standards seed surface is less hydrophilic and more 
hydrophobic than the synthesised precipitated silica seeds HSAMICRO.  Even in hydrated or aqueous 
conditions, completely isolated silanol groups provide reduced hydrogen bonding possibilities to 
molecules such as water.  This means that the surface of the fumed silica standard seeds will be 
more poorly wet by water in the solutions.  The fumed silica standards thus provided a lower control 
possibility over the paracetamol solute molecules through hydrogen bonding. 
If the low hydrogen count of 3 OH/nm2  is considered for the fumed silica surface (Armistead et al., 
1969), then the total number of hydroxyls per 7nm silica standard seed that offers potential 
hydroxyls to reduce the interfacial tension for the pre-critical nucleus would be 462 (assuming non 
porosity).  Whereas for the precipitated synthesised silica seeds HSAMICRO, with a hydroxyl count of 
15 OH/nm2 (Perro et al., 2009), the number of hydroxyls per seed would be 3016 (based on a non 
porous surface) or 9.24 x1021 (based on the actual surface area of 616m2/g) .  As the surface of each 
fumed silica standard seed offered only three hydroxyls per nm2, the cumulative strength of the 
hydrogen bonds with the functional groups on the surface of the crystals would be reduced.  It has 
been reported that such isolated silanol groups on fumed silica surfaces are predominantly isolated 
and far from each other (McDonald, 1958). 
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Thus the precipitated synthesised silica seeds offer a higher bonding potential for the paracetamol 
solute and the growing paracetamol crystals.  In the mixed batches the reduced interfacial tension 
would have primarily been provided by the precipitated synthesised silica and not the fumed silica 
standard seeds.  The higher hydrogen bonding availability may have catalysed the growth of the 
paracetamol crystal faces as seen in Figure 114 in the (80:20) HSAMICRO- 7nm silica standard 
seeded batches.  Whereas in the batches where the fumed silica standard seeds were in a higher 
ratio load, more hydrophobic seed conditions prevailed, leading to reduced forces of adhesion 
between the crystals (see Figure 115).  There may be competing effects of hydrophobicity by the 
7nm silica standard seeds and increased adhesive effects by the synthesised HSAMICRO seeds in 
batches with equal weighted ratios as seen in Figure 111.  From this principle, the hydrogen bonding 
effects of the synthesised silica seeds HSAMICRO may be predominantly responsible for the 
increased mean crystal sizes and increased agglomeration observed when the synthesised silica 
seeds are in a higher ratio (Figure 112  and Figure 114). 
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5.8 Summary on the Effect of Seed Surface Area and Seed Porosity 
This section has shown that the surface area of the heterogeneous seeds alone does not determine 
whether the seeds will lead to higher control over the solution supersaturation or an enhancement 
of the crystal size and morphological characteristics.  Better solution supersaturation control has 
been obtained with the synthesised porous silica, with many of the mesoporous seeds leading to the 
solution remaining within the MSZW during the course of the process.  However the CIT of the 
porous seeds does not always suggest that nucleation is earlier in the presence of the synthesised 
porous seeds; earlier nucleation in the presence of the heterogeneous seeds being often a 
prerequisite of enhanced control.  The mesoporous seeds enable for the solution concentration to 
remain within the MSZW, yet the microporous seeds do not consistently facilitate such an 
enhancement.  It is proposed that the narrow neck of the mesoporous seeds leads to diffusion of the 
solute molecules from the bulk solution to the pores, undergoing temporary intermolecular 
interactions with the surface hydroxyls on the silica seeds, and furthermore experiencing temporary 
entrapment within the pores which leads to a control over the bulk solution concentration.  An 
increase in the seed loads of the mesoporous seeds with ink-bottle shaped pores, results in an 
increased ink-bottle pore volume, which leads to a temporarily higher concentration fluctuation of 
the solute molecules within the pore body.  It is proposed that capillary condensation occurs within 
the mesopore body.   
The presence of pores with different pore shapes and varying pore volumes can indeed lead to an 
effect on the final crystal size distribution and crystal morphology.  The heterogeneous seeds with 
high and low surface areas with mesoporous pore sizes and ink bottle pore shapes have been shown 
to lead to beneficial effects on the crystal size and crystal morphology.  The ink bottle mesoporous 
seeds allow for a temporary entrapment of the growing crystals to remain within the pore body.  
Whilst remaining within the pore body, growth is restricted in the direction parallel to the pore body 
width.  The unrestricted axes of the crystals continue to grow, and lead to an elongation of the 
paracetamol crystal.  Microporous round bottomed pores on the heterogeneous seeds do not result 
in any significant enhancements to the crystal morphology.  Yet the micropores do lead to a 
reduction in the mean crystal size of the product crystals.  With an increase of the microporous 
surface area through increasing seed loading levels, a decrease in the mean crystal size is obtained.  
Furthermore a reduction in the CSD is obtained with the microporous seeds at increasing seed loads.  
It is postulated that the micropores act as a catalytic active site on which the solute molecules 
temporarily adsorb in the base of the shallow micropores until they reach the critical minimum 
radius from the further adsorption of other solute molecules in the pores. 
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From the findings, it is uncertain as to whether the bimodality of the porous heterogeneous seeds 
influences the crystal size characteristics.  The findings here suggest that the bimodality of the 
porous batches may lead to broader product crystal size distributions.  The bimodality does not 
render the product crystal size in a worse case than the unseeded batches.  In the cases of bimodal 
and porous seeds, the surface area and porosity of the seeds dominate the seed size distribution and 
the final crystal morphology.  Meaning that if the surface topographical characteristics include pores, 
the effects of capillary condensation will dominate the final size and shape of the product crystals. 
The heterogeneously mixed seeded batch products do exhibit characteristics of their singularly 
heterogeneously seeded batches with the high surface area seeds with pores.  The combination of 
the heterogeneously seeded batches at different weight ratios can produce optimal ratios for the 
crystal size distribution, and crystal morphology.  However these weight ratios may differ for 
different desired crystal characteristics.  The findings show that the surface chemistry of the 
heterogeneously mixed seeded batches also influences the crystal characteristics of size and 
morphology.  Depending on whether predominantly hydrogen bonding enhancing adsorption of the 
solute molecules, or whether lower regions of hydrophilicity are available, the crystal characteristics 
will vary.  Reduced levels of hydrophilicity provided by the fumed silica standards leads to reduced 
agglomeration of the product crystals, and less defined paracetamol crystal faces.  High 
hydrophilicity of the synthesised silica seeds in the mixed batches in higher weighted ratios leads to 
increased levels of agglomeration of paracetamol as the effects of surface charge exacerbate liquid 
bridge formation between the crystals. 
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5.9 The Effect of a Non-Specified Seed Shape 
To date no published work has been reported on the effects of heterogeneous seed shapes.  Indeed 
it is preferred for transportation and storage that seeds with a high surface area to volume ratio are 
used.  Optimal seed shapes would include dodecahedrons or icosahedrons which have a similarly 
high surface area to volume ratio, yet are difficult to synthesise without the use of various 
surfactants.  The use of surfactants in this work has been until now minimised to reduce the risk of 
adding unknown impurities into the crystallisation system.  However, the achievement of non-
spherical silica seeds is limited without the addition of surfactants to the synthesis process.  The 
heterogeneous seeds in this section were synthesised using a surfactant, CTAB, the details of which 
are available in 3.1.3  ‘Fractured Non-Specific’ Morphology Silica Seeds Synthesis. In this section it is 
investigated further if non spherical shaped heterogeneous silica seeds can be used to produce 
uniform paracetamol crystals.  
5.9.1 Background Theory 
Heterogeneous nucleation differs from homogeneous nucleation through the Volmer’s function of 
wetting (θ).  It has been shown in section 2.2.2 that the Gibbs free energy for heterogeneous 
nucleation can be expressed as a ratio of the Gibbs free energy for homogeneous nucleation.  
Wetting of the heterogeneous surface by the cluster of molecules depends on the adhesion energy 
of the heterogeneous surface and its interactions with both the cluster and the bulk fluid molecules.  
For wetting to occur, the surface contact energy between the area of the cluster in the form of a cap 
must be lower than the surface energy of a spherical cluster in the bulk.  The Young’s equation 
allows for a quantification of the interfacial energies (ɣ) based on the contact angle of the cluster 
and the substrate, through: 
                                                                       
Equation 21 
However Young’s equation is based on an ideal and smooth surface (Liu et al., 2007).  Wenzel 
proposed that when surface roughness is a factor, the actual surface area will be increased in 
comparison to the geometric shape surface area, due to the increased curvature from the body of 
the pores.  The roughness factor is thus a ratio of the actual surface area to the geometric surface 
area through (Wenzel, 1936): 
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Equation 22 
The Wenzel relation allows for the ratio of the actual to apparent area of the contact angle to the 
real contact angle through a multiplication of R, the roughness factor, as shown in Equation 22.  For 
example if the contact angle is less than 90˚, the presence of roughness will increase wetting.   As a 
result of the Wenzel relation, Young’s equation can be adapted for rough surfaces to become 
(Chalmers, 1964): 
 (                                             )                           
Equation 23 
Lui et al. (2007), when investigating the effects of surface roughness of heterogeneous surfaces, 
proposed that the top peaks of the rough surface were hillocks that blocked the lateral migration of 
the adsorbed lysozyme protein molecules.  The peaks of the hillocks thus facilitated entrapment in 
the pores which aided cluster growth to nucleation.  Potentially pore entrapment could enhance 
morphological control of polymorphs.  Delmas et al.  reported elongated rod shaped crystals, which 
were later characterised as orthorhombic paracetamol crystals.  These orthorhombic paracetamol 
crystals were obtained from a combination of colloidal nanotemplates and single stage rapid cooling 
profiles.  However very small batch scales were used for this process of 10ml, and the achievement 
of the orthorhombic form was related to the fast cooling rate leading to the metastable form of 
paracetamol to form according to Ostwald’s rule of stages.  Under the current cooling conditions of 
0.2˚C/min, the monoclinic form is expected as the cluster molecules will have time to adjust to the 
lattice formation of the most thermodynamically stable polymorph.  Most recently Di Profio et al., 
(2012) exploited the surface roughness of their polymeric films to enhance the nucleation of 
paracetamol.  The entrapment of the solute molecules in the rough regions of their polymeric film, 
combined with increased surface wetting due to the roughness, highlights that the surface 
topography of heterogeneous seeds requires further exploration. 
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5.9.2 Heterogeneously Seeded Batch Results 
5.9.2.1 Crystal Size Distribution 
 
Figure 116: The batch CSDs from the ‘non-specified morphology’ heterogeneous seeds.  A reduction in the mean crystal 
size and the crystal size distribution is obtained with decreasing seed loads. 
As seen in Figure 116 the increase in seed load of the ‘non-specified morphology’ heterogeneous 
seeds leads to an increase in the crystal size distribution and an increase in the mean crystal size 
(Figure 117).  All the seed loads result in a decrease in the mean crystal size in comparison to the 
unseeded control batch average.  Conversely to crystal seeded batches, an increase in this 
heterogeneous seed load leads to an increase in the mean crystal size, and a slight increase in the 
crystal size distribution. The narrowest crystal size distribution is obtained with the 0.125wt.% load.  
Across the high surface area various pores and imperfections can be seen in Figure 11 (d) which may 
have influenced the CSD of the batches.  By increasing the seed loading level, indeed an increase in 
the heterogeneous surface area was provided, yet the higher seed surface area also presented an 
increased variation of pore shapes and sizes, in which clusters of different sizes may have formed.  
Clusters of varying sizes may have formed due to local pore confinements.  It has been suggested 
that molecules behave differently under confinement (Rengarajan et al., 2007, Nugent et al., 2007), 
and that different degrees of confinements lead to differing fluid behaviours.  Nugent and co-
workers demonstrated using PMMA particles that confinement of the particles slowed down the 
motion of the particles and led to earlier crystallisation than in the bulk.  They considered that the 
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roughness of the walls was pivotal in achieving reduced motion of the particles.  The reduced cluster 
motion coupled with the formation of a liquid like bridge between the pore walls would have 
facilitated nucleation with these heterogeneous seeds.  Furthermore it has been reported that the 
formation of liquid like bridges becomes increasingly important as the pore size decreases (Ha et al., 
2009), however here it is argued that a variety of pore shapes facilitates the formation of the liquid 
like bridges.  Furthermore the distribution of the heterogeneous seed size may have contributed to 
the number, shape and volume of pores per seed.  Therefore in reducing the seed load (surface 
area), a reduction in the number of variables affecting nucleation was possible.  Despite the lower 
mean crystal size of the 0.125wt.% seeded batch, agglomerates may still be present, but merely 
smaller in size and number.  The reasons for such a distribution in the CSD with the heterogeneous 
seed load can be explained in conjunction with the findings from the MSZW. 
 
Figure 117: The relationship between the heterogeneous seed surface area (seed load) and the mean crystal size.  
Standard deviation shown as error bars for mean crystal size (n=4) 
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5.9.2.2 The Metastable Zone Width 
 
Figure 118: The MSZW of the non-specified morphology silica seeds.  All seeded batches at loads greater than 0.25wt.% 
effectively reduce the MSZW. 
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The MSZW of the ‘non-specified morphology’ silica seeds with increasing seed loads can be observed 
in Figure 118.  A solution profile that was within the MSZW of the unseeded control batch was 
achieved with the heterogeneously seeded batches at loads of 0.50wt.% and greater.   
A reduction of the MSZW in comparison to the unseeded control batch by the batches from a seed 
loading level of 0.50wt.% indicates that the pore volume of 1.22cm3/g was sufficient in providing a 
suitable surface to aid nucleation of the paracetamol clusters.  The surface area provided by these 
seeds is medium level in comparison to the higher surface areas in excess of 600m2/g achieved with 
other synthesised seeds (as shown in the previous section), however the pore volume available on 
these heterogeneous seeds exceeds that provided by the seeds synthesised in the absence of 
surfactants.  It is suggested here that the seed high pore volume dominated the control of the 
solution supersaturation, yet other topographical characteristics dominated the crystal size 
distribution. 
The mesopores on these heterogeneous seeds are of a capillary and ink bottle shape, with a slight 
deformity from the perfect ink-bottle shape.  This topographical characteristic of these seeds is 
beneficial in providing a range of pore sizes and shapes, and an optimal pore size and shape 
according to the solution supersaturation.  The mesopores on the seeds varied in size from 5-30nm 
in width.  As such any of the pores may have provided the optimum shape and width that facilitated 
capillary condensation of the pre-critical sized clusters.  It is postulated that nucleation occurred in 
the body of the pores due to capillary condensation, and a restricted exit from the pores occurred 
due to the presence of a pore neck.  These findings may support the work of Chayen et al. (2001), 
where in the presence of a broad pore size distribution on porous silicon, protein crystallisation was 
enhanced.  It is proposed here that a solution concentration profile within the MSZW of the 
unseeded control batch has been reduced due to the broad pore size distribution and varied pore 
shapes. 
Furthermore the surface roughness of these heterogeneous seeds is considered to increase the 
adhesion of the solute molecules to the surface of the seeds.  High surface roughness increases 
contact angles that are greater than 90˚ and decreases those that are less than 90˚.  This is because 
in the curvature of the pore, higher concentrations of silanol groups with reduced intermolecular 
distance are found.  The reduced intermolecular distance between the silanols enhances their bond 
strength with neighbouring molecules such as the paracetamol solute molecules.  Within the pores 
interactions with the silica surface hydroxyls may have occurred with the paracetamol solute 
molecules and clusters.  As these intermolecular interactions occurred, the clusters would have 
slowed in mobility.  In the various pore sizes, some of the pores may have provided the optimum 
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width (unknown) such that the wetting of both pore sides reduced the cluster free total energy.  In 
addition to the reduced mobility of the clusters, the molecules may have undergone a higher degree 
of ordering to that in the amorphous cluster as a result of the confinement.  With an increased level 
of ordering of the molecules, an increased cluster density would have resulted in the numerous 
pores across the heterogeneous seed surface, leading to nucleation occurring at a lower local 
supersaturation than in the bulk.  If this phenomenon occurred at multiple heterogeneous seed 
sites, then crystal growth would have been controlled to result in a reduced metastable zone width.   
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5.9.2.3 Crystal Morphology 
0.125wt.% 
 
(a) 
  
0.25wt.% 
 
(b) 
  
0.50wt.% 
 
(c) 
  
1.00wt.% 
 
(d) 
  
3.00wt.% 
 
(e) 
  
Figure 119: Micrographs showing the spherulicity of crystal morphology with increasing seed loads from 0.125wt.% to 
3.00wt.% with the non-specified morphology heterogeneous silica seeds. 
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As seen in the micrographs in Figure 119, a change in the primary crystal shape from the equant 
crystal morphology of paracetamol is obtained with the use of these heterogeneous silica seeds.  
Especially at 1.00wt.% (micrograph (d)) and 3.00wt.% (e) seed loads, elongated or prismatic crystals 
are obtained in addition to spherulitic secondary crystal agglomerates.  
At 0.125wt.% ((a) in Figure 119) agglomerates of the primary crystals are observed, but without 
intergrowth of the crystals. At 0.250wt.% (micrograph (b)) there appears to be fewer consolidates of 
the primary crystals.  These crystal morphologies may support the findings on the MSZW: with a 
widening of the metastable zone, entry into the labile zone resulted in uncontrolled nucleation and 
growth, producing many primary individual crystals as with the 0.125wt.% and 0.250wt.% loads.  
With a narrowing of the metastable zone seen with the higher seed loading levels of 0.50-3.00wt.%, 
agglomerates in the forms of spherulitic crystals are obtained.  The solute consumption of 
spherulites leads to a rapid depletion of excess available paracetamol molecules, explaining for a 
reduction in the MSZW. 
Spherulitic growth can occur in both pure supercooled fluids and also in fluids containing impurities 
(Gránásy et al., 2005).  Spherulite crystals grow out from a primary nucleus as a centre, with one or a 
few preferred crystal axis always aligning parallel to the radial direction.  Keith and Padden (1963) 
describe spherulitic branching as a type of “small-angle branching”, where distinct daughter crystals 
emerge from a central parent crystal at some arbitrary but small angle.  Spherulitic crystal 
morphologies are often classed as secondary crystallisation, however differences in the spatial 
heterogeneities lead to spherulitic growth.  In true secondary crystallisation, the crystals that grow 
on the surface of a parent crystal often fall away once they reach a certain size, due to the effects of 
gravity, agitation and collisions. 
In crystallising systems containing impurities, the heterogeneous seeds may initiate spherulitic 
growth.  It is known that all crystals are disordered to varying degrees both internally and externally.  
If one of the heterogeneous seeds were to locate at one of these points of surface disorder, the seed 
could act as a nucleation site from which radial growth could proceed.  With a higher loading level, 
the probability of one of the seeds locating at one of the sites of disorder is higher.  The 
heterogeneous seeds, or impurities according to Keith and Padden, can exaggerate the surface 
disorder of the crystal.  This surface disorder of the crystal can be enhanced by competing 
adsorption to the heterogeneous surface of the paracetamol solute.   
Alternatively spherulitic growth may have resulted from pore geometry confinement (Steinhart et 
al., 2006).  Heterogeneous seeds embedded in the primary or parent crystal of the spherulite may 
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have been the source of subsequent crystals that grew in the pores of the heterogeneous seed.  
Steinhart and co-workers demonstrated that the higher the pore confinement the greater the crystal 
morphological growth confinement. 
In all crystallising solutions there are preferred low energy orientations which are reflected in the 
crystal shape (unit cell) and in symmetries (Gránásy et al., 2005).  However in spherulitic 
morphologies, the primary crystal morphology is a prismatic needle, as that shown for the seed 
loading levels of 0.50wt.% and greater (Figure 119).  The primary needle-like morphologies are 
energetically unfavourable in comparison to the equant crystals from the unseeded control batches.  
From the large surface area to volume ratios presented by the prismatic needle primary crystals, and 
from the crystalline disorder from the numerous non-crystallographic branch points, it can be 
concluded that the crystals from the 0.50wt.% to 3.00wt.% seeded batches do not represent an 
equilibrium crystal habit of paracetamol.  One suggestion is that in the presence of these seeds with 
various surface topographical characteristics, the rate of surface nucleation was increased at sites of 
disorder on the primary central crystal surface.  The rate of spherulitic growth is controlled by 
nucleation at growth fronts and not by diffusion processes (Keith and Padden, 1963).  As such 
consumption of the solution supersaturation was high, as seen in the solution concentration profiles 
in Figure 118, leading to reduced metastable zone widths. 
 
Figure 120: XRD pattern for the non-specified morphology seeds at increasing seed loads from 0.125wt.% to 3.00wt.% 
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Due to an elongation of the primary paracetamol crystals, X-ray diffraction was conducted.  As seen 
in Figure 120 the diffraction pattern peaks occur at the diffraction angles for monoclinic 
paracetamol, yet no peaks occur solely for the Form II, orthorhombic paracetamol.  The high peak 
intensities for the seeded batch loads of 0.25wt.% at 16.7˚ and 1.00wt.% at 24.3˚ are the result of 
preferential orientation effects.  A broad CSD and dominant crystal habits can lead to preferred 
arrangements of the crystallites within the sample pan, which reduces the random distributions of 
the orientations. All samples were prepared identically, and so it is assumed that certain crystal faces 
were more pronounced and defined at certain seed loading levels.  As seen in Figure 119, at seed 
loads of 0.50wt.% and higher, the (1Ī0) faces become more dominant in the primary crystal, leading 
to an elongated or columnar prismatic crystal shape.  Because the diffraction pattern depends on 
the types of atoms in the sample and on the locations of the atoms in the unit cells, planes with high 
electron densities reflect stronger than planes with low electron densities.  Thus the increase in the 
morphological importance of faces (1Ī0) may have resulted in the arrangement of certain atoms with 
higher electron densities to reflect higher intensities.  Heng and co-workers have shown that the 
(001) facet of paracetamol interacts strongly with polar liquids, indicating that the hydroxyl end 
groups of the paracetamol molecule align this facet (Heng et al., 2006).  The hydroxyl group does not 
contain more atoms than the carbonyl or amine groups, hence it cannot be argued that exposure of 
these two faces resulted in increased atom exposure.  It can be argued that the increased 
morphological importance of these two faces leads to preferential orientation within the sample 
holder, as these faces would have dominated the exposed faces to the incident beam.  
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5.9.2.4 The Crystallisation Induction Time 
 
Figure 121: The CIT of the 'non-specified morphology' heterogeneous seeds at increasing seed loads from 0.125wt.% to 
3.00wt.%.   
As seen in Figure 121, little difference can be deduced from the turbidity indications for the 
crystallisation induction time.  If the size of minimum resolution of the turbidity indicator is achieved 
by the crystals considerably earlier or later than the unseeded control batch, then the indications 
would show; however the induction times are the order of a magnitude smaller than seconds, such 
that little difference can be observed in the time scales used.  What can be inferred from the above 
graph is the difference in the gradient of the number densities with time.  The gradient of the 
0.125wt.% batch is similar to the unseeded control batch.  This same heterogeneously seeded batch 
produces a monodispersed crystal size distribution.  If the suggestions of Beckmann (2000) and 
others (Kubota, 2008, Nagy et al., 2008) are considered, then potentially the gradient from the 
0.125wt.% seeded batch represents a crystal number density increase from primary formed crystals 
due to the gradual growth in turbidity.  The steeper gradients from the higher loads (˃0.25wt.%) 
result from simultaneous and competing primary and secondary nucleation and crystal growth.  
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5.10 Summary 
These findings show that the heterogeneous seed surface topographical characteristics do indeed 
play a very important role in determining the product mean crystal size, crystal size distribution and 
the crystal morphology. 
When these heterogeneous seeds were seeded at increasing seed loads, it was demonstrated that 
the heterogeneous seed surface area cannot be used alone as a determinant in reducing the final 
mean crystal size.  At seed loads higher than 0.50wt.%, the mean crystal size of paracetamol 
increased to approximately 300µm.  In addition to this, the crystal size distribution of paracetamol 
also increased with increasing seed loads.  It is considered that the broad pore size distribution and 
varied pore shapes in these heterogeneous seeds leads to various cluster sizes due to confinement 
by the non-uniformly spaced pore walls.  At a low seed load less than 0.25wt.%, the number of pores 
with optimum radii is optimal to confinement and capillary condensation occurred only in those 
pores. Yet at a higher seed loading levels than 0.50wt.% with increasing numbers of pores, varying 
levels of confinement and supersaturation occurred. 
The high pore volume of 1.22cm3/g facilitated a control of the solution supersaturation as a result of 
capillary condensation and pore confinement of the clusters.  Nonetheless, this high pore volume 
leads to potential entrapment and competition of the growing crystals, which results in spherulitic 
secondary crystal morphologies.  It was observed that at seed loads higher than 0.25wt.%, greater 
evidence of spherulitic crystal morphology and agglomeration of the crystals was present. 
The proposal that the effects of the seed topography dominated the seed physical characteristics of 
crystal size is supported by the results in this section.  Neither the CSD, nor the MSZW show 
detrimental effects as a result of the large heterogeneous seed size.  This finding itself supports the 
earlier chapters, which have shown diminishing impacts of the heterogeneous seed size when 
combined with topographical properties.  The seed size standard deviation shows little to no impact 
on CSD and MSZW when the heterogeneous seeds exhibit interesting topographical characteristics. 
The primary crystal shape of paracetamol shows elongation from the prismatic monoclinic shape.  A 
greater morphological importance of face (110) is observed with increasing seed loads.  However the 
X-ray diffraction patterns do not show evidence of Form II of paracetamol.  This means that despite 
the high pore volume, the broad pore size distribution and ink-bottle pore shapes being conducive to 
enhancing nucleation, they were unable to enhance formation of the nuclei into Form II of 
paracetamol.  
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6 The Heterogeneous Seed Chemical Characteristics 
6.1 The Effect of Functionalised Heterogeneous Seeds  
6.1.1 Introduction 
As indicated in the previous section, the degree of hydrophilicity of the heterogeneous seed surface 
strongly affects the interactions with the paracetamol solute molecules; therefore to further 
enhance control over the final crystal properties of paracetamol the surface chemistry was 
investigated.  Paracetamol contains end groups which are able to be replicated through silanisation.  
The functionalised surfaces would enable the heterogeneous seeds to reflect some of the groups 
present in the paracetamol molecule.  Amine, methyl and also additionally fluoro functionalities 
were chosen to be compared on 250nm, 500nm, and 1µm seeds.   
The hypothesis was that heterogeneous seeds with similar chemistries or end groups to those 
available on the model compound would instigate better control of the crystal physical properties 
such as the crystal size distribution (CSD) of paracetamol.  
In the case of the non-functionalised seeds with hydroxyl end groups, they may adsorb non-
specifically onto various crystal faces and impede crystal growth in general.  It is assumed that the 
functionalised seeds will specifically interact via adsorption with faces of the crystal lattice that 
exhibit a relative particular chemistry.  During the initial stages of interaction of the impurity with 
the host lattice, there is a competition between the impurity and the solute molecules according to 
Kowalczyk et al. (2012).  As the seeds (functionalised or otherwise) adsorb and are incorporated into 
large defects in the crystal lattice, the crystal growth may be inhibited until it may cease due to the 
disruption of the crystal lattice and the interruption of the long range 3-dimensional lattice order.  
Thus by increasing the seed load, the presence of the heterogeneous seed in the solution is 
increased and the likelihood of adsorption is increased as also adsorption into the crystal lattice. 
 One of the main differences between other reported works and that carried out here is the 
insolubility of the functionalised heterogeneous seeds; most other systems have used soluble tailor 
made additives to be inhibitors of certain characteristics. 
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6.2 The Seeded Batch Results 
6.2.1 The Amine Functionalised Seeds 
 
Figure 122: The CSD of paracetamol in the presence of 0.50wt.% load Amine functionalised seeds 
 
All of the amine functionalised seeded batches result in lower crystal mean sizes and monomodal 
CSDs in comparison to the unseeded batches, as observed in Figure 122.  However with the amine 
functionalised seeds there is a clear distinction between the mean sizes of the 250nm and the 
500nm seeded batches to the 1µm seeded batches; the latter of which results in a larger mean 
crystal size.  The 250nm and 500nm functionalised seeds the amine functionality dominates the seed 
size, but increasing the seed size to 1µm leads to a significant increase of approximately 40% in the 
mean crystal size.  Such an increase in the mean size with the amine functionalised seeds from 
250nm to 1µm in diameter is unusually high in comparison to the unfunctionalised hydroxyl 
terminated silica standards.  It is considered that the effect of the seed size becomes more 
prominent with the amine functionality. 
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Figure 123: The CSD of paracetamol in the presence of 250nm amine functionalised seeds at three different seed loads 
 
As seen in Figure 123 the increase in the amine seed loads of the 250nm functionalised seeds leads 
to near consistent product CSDs.  The increase in the amine function density through higher seed 
loads does not lead to a reduction in the mean crystal size, supporting the suggestion that the amine 
functionality dominates the product CSD and the mean crystal size when the seed size is 
approximately smaller than 500nm in diameter.  
The capability of the amine functionalised silica to form hydrogen bonds with water leads to a 
specific adsorption interaction that will occur between the amine functionalised seeds and the 
paracetamol molecules.  The magnitudes of hydrogen bonds lie in the range of approximately 10-
40kJmol-1  (Bishop et al., 2009). It is proposed that the amine groups on the functionalised seeds in 
conjunction with unfunctionalised silanols acted as primary sites for the adsorption of water and 
paracetamol solute molecules.  The strength of these surface forces may have been dominated by 
the number of amine functionalised groups on the hydrophilic surface.  Hence crystal size control 
was predominantly determined by the hydrophilicity presented by the amine groups and any 
present silanol groups rather than the seed size. 
225 
 
6.2.1.1 The Metastable Zone Width 
 
Figure 124: The solution profile of paracetamol in the presence of the hydrophilic amine functionalised seeds 
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In Figure 124 the solution concentration of paracetamol in the presence of the hydrophilic amine 
seeds can be observed to enter into the labile zone around 45˚C for all seed loads.  There is a gradual 
increase in the delay of the entry temperature into the labile zone with the three increasing seed 
loading levels.  It is suggested that higher seed loading levels of the highly hydrophilic amine 
functionalised seeds, for example 5-10wt.%, that there could be control of the solution 
concentration in the MSZW.  The amine functionalised seeds exhibit higher solution control than the 
hydroxyl (unfunctionalised) seeds.  The higher degree of solution concentration control in the MSZW 
may be due to the amine function of the seeds.  In the covalent bonding of the amine containing 
silanol to the surface of the silica seeds, the seeds are rendered more nucleophilic (Tripp and Hair, 
1993).  This means that the seeds will be more attracted to molecules which are rich in neutrons, for 
example the paracetamol molecules.  Indeed the attraction will lead to higher adsorption of the 
paracetamol molecule onto the amine seed surface, as seen in Figure 124.   
6.2.1.2 Crystallisation Induction Time 
 
Figure 125: The CIT comparison of the 250nm, 500nm and 1µm amine functionalised seeds at 0.50wt.% load 
The turbidity of the 500µm amine functionalised seeds at approximately 45˚C can be seen to rise 
unexpectedly as seen in Figure 125.  The rise in the turbidity can be correlated to the entry of the 
solution profile into the labile zone, as seen earlier in Figure 124. The steep rise in the solution 
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turbidity is attributed to the onset of uncontrolled nucleation on entry of the solution profile.  The 
sharp rise in the turbidities around 100mins is from the addition of the seeds to the vessel.   
6.2.1.3 Crystal Morphology 
250nm amine 
0.50wt.% 
 
(a) 
 
500nm amine 
0.50wt.% 
 
(b) 
 
1µm amine 
0.50wt.% 
 
(c) 
 
Figure 126: The morphology of paracetamol crystals grown in the presence of 250nm, 500nm and 1µm Amine 
functionalised seeds at 0.50wt.% 
As seen in Figure 126 there is no observable effect of the amine functionalised seed size on the 
morphology of the paracetamol product.  The images in Figure 126 support the CSD findings which 
show a broad crystal size distribution in all of the amine seeded batches irrespective of the seed size.  
Crystal agglomeration is still significant in the presence of amine functionalised seeds.  And the 
presence of the amine seeds leads to increased surface roughness and the presence of pits and wells 
within the crystals even at normal seed loads of 0.50wt.%, as shown in Figure 127. 
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 (a)    (b) 
Figure 127: Paracetamol crystals with pits in the presence of 0.50wt.% 500nm amine functionalised seeds 
 
Agglomeration of the seeds in pits of the crystals may occur during the drying process.  Capillary 
forces between the seeds occur when they are partially submerged in the liquid layer (Denkov et al., 
1992), which occurs only during the washing and drying process.  This occurs because as the seeds 
become exposed during the removal of the solvent, menisci form between the seeds at close 
proximities.  As the solvent layer reduces due to evaporation and drying, the strong and long range 
capillary forces cause the seeds, smaller than one micron in size (Denkov et al., 1992) to draw 
together.  The faster the rate of drying, the smaller the local curvature of the menisci and the faster 
the seeds are brought into proximity.  The seemingly ordered monolayer (in (a) Figure 127) in the pit 
of the crystal is predicted to have resulted from a faster rate of drying leading to a higher degree of 
ordering of the seeds. 
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Figure 128: The effect of 500nm amine functionalised seeds at increasing seed loads on the paracetamol morphology.  
Severe agglomeration remains a problem in the presence of the amine functionalised seeds. 
 
A comparison of the 500nm amine functionalised seeds at increasing seed loads from 0.25wt.% to 
1.00wt.% on the crystal agglomeration in Figure 128 shows that the agglomeration of the product 
crystals is significant irrespective of the seed load.  Furthermore, agglomeration of the amine 
functionalised seeds is high and significant in defects, and pits of the crystal body.  Crystals grown in 
non-equilibrium conditions will exhibit defects.  The adsorption of the amine functionalised seeds at 
defect sites may have physically blocked the entrance to the kink sites on the crystals by the 
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paracetamol solute molecules.  Large defects in the crystals such as those in (a) and (b) in Figure 127 
acted as sites of accumulation of the amine seeds.  However agglomeration of the amine 
functionalised seeds was expected due to the low surface charge characterised by a low and positive 
zeta potential. The reason for agglomeration of the seeds within the pits and defects of the 
paracetamol crystals is that capillary forces pull the seeds towards each other during filtration and 
drying, leading to the increase in the potential attraction interaction energy due to the decrease in 
the seed distance as per the DLVO theory. 
 
Figure 129: The X-ray diffraction pattern of the product crystals from 0.25wt.%, 0.50wt.% and 1.00wt.% amine seeded 
loads 
As seen in Figure 129 the X-ray diffraction patterns of the amine functionalised seeded batches show 
clear diffraction peaks at the monoclinic form of paracetamol.  Thus only form I was obtained with 
the amine functionalised seeds irrespective of the increasing amine functionality through the higher 
seed load.  The differences in the intensities of the peaks from the reference peaks may be indicative 
of the effect of the amine functionalised seeds on the crystallinity of paracetamol, but this is 
currently inconclusive. 
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6.2.2 The Hydrophobic Seeds: The Methyl Functionalised Seeds 
6.2.2.1 Crystal Size Distribution 
 
Figure 130: The CSD of paracetamol in the presence of 0.25wt.% methyl functionalised seeds 
 
Figure 131: The CSD of paracetamol in the presence of 0.50wt.% methyl functionalised seeds 
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Figure 132: The CSD of paracetamol in the presence of 1.00wt.% methyl functionalised seeds 
 
All the methyl functionalised seeds lead to a monomodal crystal size distribution and a lower crystal 
mean size than the unseeded control batch.  The methyl functionalised seeded batches lead to 
similar crystal mean sizes and crystal size distributions at seed loads of 0.25wt.% and 0.50wt.% as 
seen in Figure 130 and in Figure 131.  At an increased seed load to 1.00wt.% the 250nm and  1µm 
seeds appear to lead to an increase in the mean crystal size but not the crystal size distribution.  The 
500nm methyl functionalised seeds do not lead to the same increase in the mean crystal size as the 
250nm and 1µm seeds.  It is unclear why only the 500nm methyl functionalised seeds lead to such a 
reduction in the mean crystal size at 1.00wt.%, yet this CSD correlates with the lower seed loads of 
0.25wt.% and 0.50wt.%. 
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Figure 133: The CSD of paracetamol in the presence of 250nm methyl functionalised seeds at increasing seed loads (0.25-
3.00wt.%).  The mean crystal size and the crystal size distribution are largely independent of the methyl seed load. 
 
As seen in Figure 133, there is little significant effect of the methyl function at increasing seed loads 
on the crystal size distribution of paracetamol.  Even if the seed load at 1.00wt.% is considered to be 
an anomaly,  the mean crystal size may have increased however the crystal size distribution is not 
worsened.   It may be considered that the methyl functionality dominates the product crystal size 
irrespective of the seed size or loading level.  The low surface charge that is presented by the methyl 
functionalised seeds, near zero, would not have provided a significant reduction to the surface 
tension of the clusters on the surface of the seeds.  Thus nucleation may have occurred within the 
bulk of the solution, homogeneously, rather than on the surface of the heterogeneous seeds.  This 
will now be conferred with the fluoro functionalised seeds, which exhibit an equally low surface 
charge.  These seeds may, however, have reduced the propensity of the paracetamol seeds to 
agglomerate in the bulk, reflected by the low mean crystal sizes in Figure 133.  
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6.2.2.2 The Hydrophobic Seeds: The Fluoro Functionalised Seeds 
 
Figure 134: The CSD of paracetamol in the presence of 0.50wt.% load fluoro functionalised seeds 
 
As seen in Figure 134, there is a marginal difference in the mean crystal size with the three different 
seed sizes.  Both the 250nm and 500nm seeds lead to similar mean crystal sizes and narrow and 
monodispersed crystal size distributions.  However the 1µm fluoro functionalised seeds lead to an 
increase in the mean crystal size, without affecting the crystal size distribution.  This means that in 
the case of the more hydrophobic fluoro functionalised seeds, there is both an effect of seed size 
and functionality.  Potentially, the larger the fluoro heterogeneously functionalised seed, the larger 
the mean crystal size.  It can be argued however, that because functionalising the silica seeds with a 
fluoro end group poses more difficulties than functionalising for example with a methyl end group, 
the number of successfully covalently bonded fluoro end groups is lower.  This argument can be 
supported by the FTIR spectra for the functionalised seeds in Figure 18 and Figure 19 where the 
waveshifts for the fluoro functionalised groups exhibit a lower intensity. 
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Figure 135: The CSD of paracetamol in the presence of 250nm fluoro functionalised seeds at increasing seed loads (0.25-
3.00wt.%) 
 
Figure 135 shows the effects of the 250nm fluoro functionalised seeds at increasing seed loads.  As 
observed, there is a slight increase in the mean crystal size accompanied by a decrease in the crystal 
size distribution.  The narrowest crystal size distribution is obtained at a (very high) seed load of 
3.00wt.% at the expense of the mean crystal size. Increasing the seed load from 0.25wt.% to 
3.00wt.% results in an increase in the mean crystal size by 3% for the 250nm seeds.  Yet for the 1µm 
seeds the mean crystal size increase for the same increase in the seed load is 66%.  The surface 
charge of the fluoro functionalised seeds is very low, and can be considered as neutral.  This means 
that the surface energy of the fluoro functionalised seeds is also low, as characteristic of fluoro 
hydrophobic surfaces (Tripp et al., 1993).  As such the low surface energy of the seeds would have 
provided minimal surface energy reductions to the paracetamol pre-critical clusters.  Potentially 
nucleation and crystal growth occurred in the bulk of the solution rather than on the surface of the 
fluoro functionalised seeds, and at increasing seed loads the likelihood of bulk homogeneous 
nucleation occurring was higher leading to larger mean crystal sizes. 
However the narrow CSD at such a high seed load of 3.00wt.% suggests that the fluorine end groups 
controlled the severity of agglomeration of the product crystals.  The fluorine function is extremely 
hydrophobic despite being highly polar.  The increasing seed loads with increasing electrostatic 
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forces may exert greater control over the way in which the crystals agglomerate.  As will be 
subsequently discussed shortly on the section on the crystal morphology, the hydrophobic 
functionalised seeds do impact on the agglomeration of paracetamol, and in some circumstances 
reduce agglomeration. 
6.2.2.3 The Metastable Zone Width 
The crystal size distribution obtained from the hydrophobic functionalised heterogeneous seeds can 
be further supported by an analysis of the paracetamol solution concentration during the process.   
An analysis of the solution concentration in the presence of 250nm methyl functionalised seeds at 
increasing seed loads in Figure 136 shows that irrespective of the methyl functionalised 
heterogeneous seed load, an entry into the labile zone occurs very early into the process. It is in the 
labile zone that uncontrolled nucleation occurs, which leads to a widening of the CSD.  However as 
seen in Figure 133 the CSD of the 250nm methyl functionalised seeds monomodal size distributions 
result, suggesting that although the MSZW was not reduced by the methyl functionalised seeds, 
control of the nucleation rate and or growth rate of the crystals is exerted by the hydrophobic 
functionalised seeds.  
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Figure 136: The solution profile of paracetamol in the presence of 250nm methyl functionalised seeds at increasing seed 
loads 
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Figure 137: The solution profile of paracetamol in the presence of 250nm fluoro functionalised seeds at increasing seed 
loads 
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As seen in Figure 137 the solution profile of the fluoro functionalised seeds shows a similar trend to 
that of the methyl functionalised seeds. An entry into the labile zone occurs for all seed loading 
levels of the fluoro functionalised seeds around 58˚C.  In support of the solution profiles, the CSD of 
the 250nm fluoro functionalised seeded batches are very similar (Figure 135), indicating that both 
the nucleation and crystal growth mechanisms were the same.  From the above figure it cannot be 
stated that the fluoro functionalised seeds provided any greater control over the nucleation 
mechanism than the methyl functionalised seeds (Figure 136), or the 7nm unfunctionalised silica 
seeds (Figure 59).   
As a result of the stability of the fluoro end group, it is highly unlikely to form hydrogen bonds with 
either the water molecules or the paracetamol solute molecules.  As the attraction of water to the 
hydrophobic surface is entropically unfavourable, the two hydrophobic seed surfaces within close 
proximity will preferentially attract to one another over water to reduce the total free energy of the 
system (Israelachvili, 1992).  The low surface energy of the hydrophobic seeds may increase the 
surface tension between the seeds and water.  As such water is simultaneously ejected from the 
system as the two hydrophobic surfaces reach close proximity.  In this instance an attractive 
hydrophobic force occurs between the hydrophobic surfaces as a result of the presence of water 
(Rabinovich and Derjaguin, 1988, Claesson and Christenson, 1988).  In localised regions within the 
solution at high seed loads, the fluorine functionalised seeds will preferentially agglomerate 
together to reduce the total free energy of the solution by expelling water and forming micelle like 
aggregates.  These hydrophobic micelle-like-aggregates may not be a beneficial surface on which 
nuclei can form, yet the solution between the aggregated seeds may provide a higher local 
supersaturation which aids nucleation. 
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6.2.2.4 The Crystal Morphology: The Methyl Functionalised Seeds 
250nm Methyl 
0.25wt.% 
 
 
 
(a) 
 
250nm Methyl 
0.50wt.% 
 
 
 
(b) 
 
250nm Methyl 
1.00wt.% 
 
 
 
(c) 
 
250nm Methyl 
3.00wt.% 
 
 
 
(d) 
 
Figure 138: The effect on paracetamol morphology by the 250nm functionalised seeds at 0.25-3.00wt.% loads 
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500nm Methyl 
0.25wt.% 
 
 
 
(a) 
 
500nm Methyl 
0.50wt.% 
 
 
 
(b) 
 
500nm Methyl 
1.00wt.% 
 
 
(c) 
 
500nm Methyl 
3.00wt.% 
 
 
 
(d) 
 
Figure 139: The effect on paracetamol morphology by the 500nm functionalised seeds at 0.25-3.00wt.%. These figures 
support the observations with the 250nm methyl functionalised seeds and show increasing prismatic morphologies with 
increasing methyl functionalised seeds. 
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Despite the monomodal and narrow CSD obtainable with the methyl functionalised seeds and the 
similar solution profiles, the morphology of paracetamol shows distinct variation in increasing 
methyl seed loads.  As seen in both micrographs in Figure 138 and Figure 139, the lower the methyl 
functionalised seed load the more equant the primary crystal shape, reflecting the monoclinic 
paracetamol shape.  From 1.00wt.%  (c) and at 3.00wt.% (d) increasing intergrowth and prismatic 
primary crystals are obtained.  Agglomeration remains a constant problem with the methyl 
functionalised seeds, but with increasing significance at 1.00wt.% and 3.00wt.% loads shown in (c) 
and (d) in Figure 138 and Figure 139. 
It is considered that the increasing intergrowth of the primary crystals in addition to increasing 
agglomeration of the crystals with increasing seed loads results from the electrostatic effects of the 
methyl functionalised seeds.  As seen in Figure 140 the methyl functionalised seeds are found 
position themselves along certain planes of the paracetamol crystal. Along the dominant face of the 
prismatic shaped paracetamol crystal (110) (Figure 140), the adsorption and agglomeration of the 
methyl functionalised seeds may occur due to the near neutral surface charge.  
 
Figure 140: The surface locations of the methyl functionalised seeds on the paracetamol crystals (500nm at 3.00wt.% 
load) 
The similarity of the methyl functional group on both the functionalised seeds and the paracetamol 
molecule may have facilitated the increasingly prismatic crystals to grow.  The slowest growing 
crystal faces are those with the highest morphological importance.  The crystal faces which are 
higher energetically grow rapidly and grow themselves out of morphological significance.  This 
means that potentially the (1Ī0) face of the paracetamol crystals which are pronounced with 
increasing prismatic morphology, grew slower and possessed less energy than the other faces.  
Growth of this facet may have been retarded by the presence of the methyl functionalised seeds at 
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increasing seed loads.  At increased seed loads of the methyl functionalised seeds, aggregate-like-
forms (Ben-Naim, 1980) would have formed from the lower surface charge due to the lower 
electrostatic repulsion exhibited by the functionalised seeds.  These micelle-like structures may then 
have exerted greater electrostatic repulsion over the mobile paracetamol solute molecules on the 
surface of the crystals, increasing the rate at which certain faces would have grown, which would 
have resulted in a prismatic crystal shape. 
  
244 
 
6.2.2.5 The Crystal Morphology: The Fluoro Functionalised Seeds 
250nm Fluoro 0.25wt.% 
 
 
 
(a) 
 
250nm Fluoro 0.50wt.% 
 
 
(b) 
 
250nm Fluoro 1.00wt.% 
 
 
(c) 
 
250nm Fluoro 3.00wt.% 
 
 
 
(d) 
 
Figure 141: Micrographs of the effects of the fluoro functionalised seed effects on the secondary morphology of 
paracetamol (0.25-3.00wt.% loads).  
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As seen in Figure 141 the micrographs of the paracetamol product crystals from the fluoro seeded 
batches leads to severe and significant agglomeration of paracetamol.  The consolidates appear to 
be rigid and densely compacted agglomerates of primary crystals.  The severity of agglomeration 
exceeds that of the unseeded control batches of paracetamol, suggesting that the agglomeration is a 
result of the fluoro functionalised seeds.  There is a high proportion of fines (˂20-40µm (Aamir et al., 
2010)) in the batch products from the fluoro functionalised seeds, see Figure 141 (c) and (d).  Fines 
contribute to the broad CSD in Figure 135.  The presence of fines, most likely from secondary 
nucleation, indicates that less control over the solution concentration was exhibited by the fluoro 
functionalised seeds, which supports the entry in the labile zone by the solution concentration as 
seen in Figure 137.  The fines are believed to have stayed attached to larger bodies due to the 
surface charge of the larger sized crystals (Jones, 1993). 
The fluoro functionalised seeds do not locate across the paracetamol crystals in a similar fashion to 
the methyl functionalised seeds, and this is thought to be due to the absence of the fluoro function 
in the paracetamol molecule.  There is no functional similarity between the fluoro functionalised 
seeds and the paracetamol molecule, which may explain for the less significant morphological 
changes with increasing loads of fluoro functionalised seeds.  The similarity of functions of the seed 
and the crystallising molecules may both increase and decrease the rate of propagation of certain 
faces.  Dissimilar functionalities results in a difference in the atomic strength of the two functional 
groups, meaning that one will shield the effects of the other on the rate of crystal growth.  The 
fluoride atom is highly hydrophobic, and thus will repel the methyl functional group within the 
paracetamol molecule.   
The increasing agglomeration of the paracetamol product crystals with the fluoro functionalised 
seeds may have occurred due to the polarity of the seeds and the paracetamol crystal surface.  The 
fluoro functional group is also strongly polar.  This polarity is enhanced in the polar water solvent  
and further exacerbated by the high seed concentration, resulting in electrostatic attraction (Bishop 
et al., 2009).  The electrostatic attraction between oppositely charged particles occurs thus between 
the (negative and low surface charged) fluoro functionalised surface and the dipole orientated water 
molecules in addition to the water molecules and the paracetamol crystal surface.  This attraction 
between the bodies only enhances the formation of liquid bridges across the crystal surfaces, thus 
facilitating agglomeration (Ålander and Rasmuson, 2007). 
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Figure 142: XRD pattern of the 500nm methyl functionalised heterogeneously seeded batches at increasing seed loads 
 
 
Figure 143: XRD pattern of the 250nm fluoro functionalised heterogeneously seeded batches at increasing seed loads 
 
As seen in Figure 142 and Figure 143 the X-ray pattern of the hydrophobised heterogeneous silica 
seeds results in diffraction peaks corresponding to the monoclinic form of paracetamol.  The 
presence of the hydrophobised heterogeneous silica seeds did not result in form II of paracetamol to 
grow.  In other circumstances where form II has been reported to form (Delmas et al., 2012), it has 
always been in conjunction with a rapid or quench cooling profile.  These results show that under 
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controlled cooling profiles and with methyl or fluoro functionalised heterogeneous seeds, the 
likelihood of obtaining another and less stable form of paracetamol is low.  The peak shifts and 
differences in peak intensities from the references are thought to have arisen due to the presence of 
the adsorbed heterogeneous seeds.  These diffraction irregularities are most noticeable for the 
1.00wt.% and 3.00wt.% methyl functionalised seeds (Figure 142), and all seed loading levels for the 
fluoro functionalised seeds (Figure 143).  Potentially the diffraction irregularities in the fluoro seeded 
batches are as a result of the absence of functional similarity between the seed and the paracetamol 
molecule.  The fluoro functionalised seeds led to greater lattice irregularities of the paracetamol 
crystal. 
6.2.2.6 The Crystallisation Induction Times: The Hydrophobic 
Functionalised Seeds 
 
Figure 144: The CIT for 1µm methyl functionalised silica seeds at increasing seed loads 
In Figure 144 there is very marginal increase in the induction times with increasing seed loads of the 
1µm methyl functionalised seeds from 0.25wt.% to 1.00wt.%.  The immediate rise in the turbidity of 
the 3.00wt.% load around 100mins arose from the seed loading level into the transparent solution.  
But even at a seed load of 3.00wt.%, there is little significant difference in the induction time around 
150mins, similar to the lower seed loading levels.  Potentially the use of the methyl functionalised 
seeds created regions of low charge density around the aggregated micelle-like seeds, and the 
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paracetamol solute molecules were in the regions between the seeds.  Due to the higher 
concentrations of the paracetamol solute in between the seeded regions, a critical radius size could 
have been attained slightly earlier- hence the reduction in the CIT in the presence of these seeds. 
 
 
  
249 
 
6.3 General Discussion: Hydrophilic Seeds vs. Hydrophobic Seeds 
 
Figure 145: A comparison of CSD when using 0.50wt.% load of 250nm seeds with different functionalities 
 
 
Figure 146: A comparison of CSD when using 0.50wt.% load of 500nm seeds with different functionalities 
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Figure 147: A comparison of the CSD when using 0.50wt.% load of 1µm seeds with different functionalities 
 
Figure 145, Figure 146, and Figure 147 show comparisons of the effects of the seed functionality 
with respect to the seed size on the CSD.  All of the functionalised seeds result in monomodal CSD in 
comparison to the unseeded control batches.  It can be seen that the 250nm functionalised seeds 
show close similarity in the product CSD and mean crystal size irrespective of the functional group on 
the heterogeneous seed.  There is decreasing similarity in the CSD and mean crystal size with 
increasing the heterogeneous seed size, for example to 500nm and 1µm.  These findings indicate 
that the heterogeneous seed size in addition to the seed functionality may impact the product CSD.  
This can be most clearly seen in Figure 147 with the 1µm seeds: the hydrophilic amine seeds and the 
hydrophobic fluoro functionalised seeds result in a slight increase in the mean product crystal size, in 
comparison the unfunctionalised hydroxyl and the methyl functionalised seeds which result in lower 
crystal mean sizes.   
 
251 
 
 
Figure 148: The solution profiles of all of the functionalities at 250nm and 0.50wt.% load 
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As seen in Figure 148 there is no clear and direct correlation between the seed functionality and the 
solution concentration profile.  Both hydrophobic seeds lead to entry within the labile zone, as do 
both hydrophilic seeds.  The hydrophobic seeds would have interacted with the paracetamol solute 
molecules through (London) dispersive interactions, whereas the hydrophilic seeds would have 
interacted via both hydrogen bonding and electrostatic interactions with the paracetamol solute 
molecules.  All three surface forces are non-covalent interactions which are known to exert 
molecular forces over several angstroms to tens of angstroms (Wu et al., 2006).  Yet none of the 
interactions resulted in a narrowing of the MSZW.  It is important to consider that electrostatic 
attractive interactions occur between oppositely charged molecules or atoms causing orientation of 
the molecules to reduce the surface tension between the two molecules (Bishop et al., 2009).  If 
there were sufficient electrostatic interactions such that the surface tension was reduced, nucleation 
may have been induced in the fluid void (Claesson and Christenson, 1988).   
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6.4 Mixed Chemistry Batches 
Based on the above results in which the functionalised seeds imparted different impacts on the 
crystal morphologies, and the crystal size distributions, it was considered that seeded batches of 
mixed seed chemistry may enhance the optimisation of the final crystal product through a 
combination of surface forces and hydrogen bonding.  The methyl functionalised heterogeneous 
seeds exhibited the highest morphological impact on the paracetamol crystals.  As such, 
combinations of methyl functionalised seeds with hydroxyl and fluoro functionalised seeds are 
presented here.  This brief investigation into the effects of mixed batch chemistries is shown as a 
precursor to the next section in this thesis. 
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6.4.1 The Effect on Crystal Morphology: Hydroxyl-Methyl Mixed Batches 
OH and CH3 seeds 
 0.50wt.% (50:50) 
 
 
(a) 
 
OH and CH3 seeds 
1.00wt.% (50:50) 
 
 
(b) 
 
OH and CH3 seeds 
3.00wt.% (50:50) 
 
 
(c) 
 
Figure 149: The effect on paracetamol morphology with varying ratios of hydroxyl and methyl functionalised seeds at 
(50:50) ratios and increasing seed loads 
 
When the hydroxyl (OH) and methyl- (CH3) functionalised seeds were mixed in equal weights for the 
increasing seed loads, it was observed that the degree of agglomeration was reduced from 1.00wt.% 
load.  In image (a) in Figure 149, intergrowth of the primary crystals indicates primary agglomeration 
of the crystals.  Primary agglomerates consist of intergrown primary crystals, which Jones suggests 
may arise from the presence of impurities or diffusion limitations (Jones, 1993).  The reduction in 
intergrowth of the primary crystals from 1.00wt.% seed load is seen in Figure 149 (b).  The primary 
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crystals became more equant shaped and less elongated as the seed load was increased to 3.00wt.% 
(c), and the heterogeneous seeds can be observed on the surface of the crystals.  It is postulated 
that the reduction in agglomeration of the crystals results from the presence of the methyl 
functionalised seeds impeding the formation of liquid bridges during the washing process of the 
crystals.  The methyl seeds with their lower surface charge are more readily adsorbed onto the 
surface of the paracetamol crystals, and thus in a mixture the hydroxyl functionalised seeds which 
possess a higher zeta potential were repelled (Gray and Bonnecaze, 2001).  Thus the hydroxyl 
functionalised seeds would have adsorbed less.  The presence of the hydrophobic methyl 
functionalised seeds would have inhibited the formation of liquid bridges between the crystals which 
lead to agglomeration of the primary crystals.  The higher the methyl functionalised seed load per 
batch, the lower the likelihood of liquid bridge formation, thus the lower the agglomeration of the 
crystals.  In colloidal Monte Carlo simulations of bidisperse systems Gray and Bonnecaze (2001) 
demonstrated that when one of the colloidal particles with a high zeta potential is mixed with 
another of a much lower zeta potential or surface charge, the higher surface charge particles created 
islands in the sea of lower surface charged particles to reduce their surface free energy. 
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6.4.2 Fluoro-Methyl Mixed Batches 
F and CH3 seeds 
0.50wt.% (50:50) 
 
 
(a) 
 
F and CH3 seeds 
0.50wt.% (20:80) 
 
 
(b) 
 
F and CH3 seeds 
0.50wt.% (80:20) 
 
 
(c) 
 
Figure 150: The effect on paracetamol morphology with varying ratios of fluoro and methyl functionalised seeds at 
0.50wt.% loads 
 
The presence of two low surface charge seeds in varying weight ratios, one with a similar function to 
paracetamol and one dissimilar to those on paracetamol, appear to exert different effects on the 
paracetamol primary and secondary crystal morphology.  Rigid intergrowth of the crystals is 
observed in images (a) and (b) in Figure 148 where the primary crystals have grown to form a 
secondary crystal body.  It is predicted that the effect of the methyl functionalised seeds is observed 
in images (a) and (b), where an elongation and prismatic morphology of the primary paracetamol 
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crystal is obtained in the mixed seeded batch of fluoro and methyl functionalised seeds.  At an 
increased weight ratio of the fluoro functionalised seeds (c), less elongation in the primary crystal 
morphology is obtained, and more equant platey-like crystals are achieved, similar to those from 
solely fluoro functionalised seeded batches (Figure 141).  It is suggested that the equal weight ratio 
load of (50:50) produces a morphology of the product that results from competing effects from the 
methyl functionalised seeds and the fluoro functionalised seeds; the methyl functionality affecting 
the growth morphology of the crystals and the highly hydrophobic fluoro functionalised seeds 
affecting the agglomeration of the primary crystals.  As the weight ratio of the methyl functionalised 
seeds is reduced (from (a) to (c)), the severity of the consolidates forming agglomerates decreases.  
Potentially, the fluoro end groups on the seeds were able to form hydrogen bonds to the hydroxyl 
functional groups exposed on the paracetamol molecules at the surface, which may have reduced 
the growth rate of liquid bridges between the crystals (Ålander and Rasmuson, 2005). 
6.4.3 The Crystal Size Distribution: The Mixed Chemistry Batches 
 
Figure 151: Mixed chemistry batches CSD from the hydroxyl and methyl functionalised 250nm seeds at (50:50) and 
increasing seed loads (0.50wt.%-3.00wt.%) 
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Figure 152: Mixed chemistry batches CSD from the fluoro and methyl functionalised 250nm seeds at 0.50wt.% load 
 
As seen in Figure 151 and Figure 152, the CSDs that result from a combination of hydrophilic and 
hydrophobic seeds differs from that from two hydrophobic seeded batches. 
The CSD from the hydroxyl- methyl functionalised seeds at equal weight loads from 0.50wt.% to 
3.00wt.% shows a progression in Figure 151 from a broad crystal size distribution at 0.50wt.% to a 
bimodal crystal size distribution at 3.00wt.%.  As the mean crystal size decreases with an increase in 
the seed load there is still the prevalence of the larger mode just under 1mm, which arises from 
agglomeration of the primary crystals as seen in Figure 149.  The broad CSD and larger mean crystal 
size from the 0.50wt.% load evidently results from the agglomerate sizes observed in Figure 149; the 
agglomerate size is large and the agglomerates appear to be rigid consolidates rather than the loose 
emballages obtained from the 1.00wt.% and 3.00wt.%.  It is considered that with increasing seed 
loads of the negatively charged hydroxyl and near neutral-charged methyl functionalised seeds, 
increased adsorption of the neutral methyl seeds onto the surface of the paracetamol crystals 
reduced the ease of formation of liquid bridges between the crystals due to electrostatic repulsion 
of the like negative charges, thus reducing agglomeration. 
The crystal size distributions in Figure 152 that result from the hydrophobic mixed fluoro-methyl 
batch are more monodispersed than with the hydroxyl-methyl mixed batches and more 
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monodispersed than the unseeded control batch (black curve); however there is still a broad CSD.  
At the base of the distribution curves, the tails of the curves indicate evidence of mild 
agglomeration.  The CSD curve with the smallest size crystals occurred in the presence of the F- CH3 
(80:20) mixed batch.  This lowest mean crystal size is supported by image (c) in Figure 150 which 
shows platey-like crystals.  The fluoro functionalised seeds contain three fluorine atoms at the end of 
the functionalised chain, which creates an area of high electron density and hydrophobicity at the 
surface of the seeds.  Despite the highly electronegative fluoro atom, as shown by zeta potential 
results, the fluoro functionality exhibits low surface charge, even in comparison to the methyl 
functionalised seeds.  It is suggested that the combination of higher weight load of the highly 
hydrophobic, yet near neutral fluoro functionalised seeds with the methyl functionalised seeds, on 
adsorption onto the surface of the polar paracetamol crystals, inhibited a stable arrangement 
between the crystals long enough for an agglomerative bond to commence to form (Brunsteiner et 
al., 2004).  As such the CSD of the fluoro containing mixed batches, were all monodispersed, and the 
higher the proportion of the fluoro functionalised seeds, the lower the mean crystal size (pink curve 
in Figure 152). 
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6.5 Summary on the Effect of Seed Functionality 
These findings have shown that different hydrophilic and hydrophobic functionalities on the 
heterogeneous seeds lead to varied effects on the paracetamol crystal product characteristics.  
Increasing hydrophilicity of the heterogeneous seeds to reflect the amine function of the 
paracetamol end group leads to consistent mean crystals sizes and crystal size distributions 
irrespective of the seed load and seed size up to approximately 1µm.  The highly hydrophilic amine 
function findings suggest that there is a size “cut off” of 1µm for the heterogeneous seeds; the larger 
seed sizes may increase the mean crystal size.  However the increased hydrophilicity does not lead 
to a reduced MSZW, which would enhance the operation conditions.   
Both hydrophobic functionalised seeds, with varying degrees of hydrophobic strength, result in an 
entry into the labile zone, in effect widening the MSZW of paracetamol.  However both hydrophobic 
functionalised seeds, irrespective of the primary heterogeneous seed size result in monomodal CSD 
with reduced mean crystal sizes in comparison to the unseeded control batches.  Increasing the 
methyl functionalised seed load appears to increase the CSD, whereas the use of 1µm fluoro 
functionalised seeds increases the mean crystal size.   
The methyl functionalised seeds exhibit greater morphological influence on paracetamol than the 
amine or fluoro functionalised seeds.  It is considered that due to the similarities of the methyl 
functional group on the paracetamol molecule and on the heterogeneous seed, an effect on the 
morphology of the primary crystal resulted.  Elongated and prismatic primary crystal morphologies 
are obtained in the presence of methyl functionalised heterogeneous seeds.  The absence of such 
influence by the fluoro functionalised seeds warrants further investigation.  The functionalised seeds 
have shown that despite the potential morphological influences of the paracetamol crystal shape, 
there is no risk of the functionalised seeds leading to polymorphic changes of the paracetamol 
crystal. 
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6.6 The Effect of Janus Seeds 
6.6.1 Introduction 
Based upon experimental observations obtained during the investigation of the effects of seed 
chemistry on the crystal products, it could be assumed that combinations of the chemistries on one 
seed could lead to enhancements of the crystal product.  The different chemistries in the previous 
section showed the potential to provide control over different product characteristics such as crystal 
morphology or CSD.  It is then predicted that a combination of these chemistries in the form of Janus 
seeds could lead to the enhancement of the crystal properties.  The strategy employed in enhancing 
the crystal characteristics through dual seed chemistry is shown in this chapter. 
The paracetamol molecule contains methyl, amine, carboxyl and hydroxyl end groups.  If the 
intentionally added heterogeneous seed possess two of the same functionalities as the paracetamol 
molecule, it is postulated that due to the interactions between the two functionalities and the 
paracetamol molecules in the solution, different effects might be observed in the final crystal 
products. 
 
 
Figure 153: A schematic of a Janus functionalised seed 
 
Side A Side B 
OH F 
OH CH3 
OH NH2 
F CH3 
NH2 CH3 
Table 18: The corresponding prepared functionalities of the Janus seed in  
Figure 153 
  
A B 
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6.6.2 Results and discussion 
6.6.3 The Crystal Size Distribution 
 
Figure 154: The CSD of paracetamol from 250nm Janus functionalised seeds at 0.50wt.% load 
 
Figure 155: The CSD of paracetamol from 250nm Janus seeded batches at 1.00wt.% load 
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Both the mean crystal sizes and the CSD of the 250nm Janus seeded batches at 0.50wt.% are similar, 
irrespective of the seed Janus functionalities.  The hydroxyl-methyl (OH-CH3) Janus seed exhibits a 
reduction in the CSD with an increase in the seed load to 1.00wt.%, which is similar to when seeding 
with methyl functionalised seeds in the previous section.  The increase in the seed loading level to 
1.00wt.% results in an increase in the mean crystal size for the remaining Janus seeds (Figure 155 
and Figure 156).  Which reflects the findings with the unfunctionalised silica standard seeds; that 
increasing the seed load resulted in an increase in the mean crystal size.  It is considered that with 
the increase in the seed loading levels of the Janus seeds, the seeds agglomerate within the solution 
to reduce the surface free energy of the functionalised seeds.  As a result, the agglomeration 
decreases the available surface area for the clusters to attach to.  As such, nucleation may actually 
occur homogeneously within the bulk of the solution rather than on the Janus seed surface.  And the 
crystal growth rate may be led by secondary nucleation, which widens the CSD.  Similarly Kowalczyk 
et al. (2012) also found that the CSD of their inorganic crystals was strongly affected by the presence 
of the Janus particle surfactants.  As the seed load of their Janus surfactants was increased, the size 
of their inorganic crystals decreased.   
 
Figure 156: A comparison of the Janus seed loads on the CSD.  The bar graph shows that on average the increase in the 
seed load to 1.00wt.% results in an increase in the mean crystal size, apart from the OH-CH3 Janus seeds 
A comparison of the CSDs from the mixed seeded batches (Figure 151 and Figure 152) and the Janus 
functionalised seeds (Figure 154 and Figure 155) for the OH-CH3 and F-CH3 heterogeneous seeds 
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indicates an improvement to the CSD by the use of the Janus seeds.  The OH-CH3 Janus seeded 
batches at both 0.50wt.% and 1.00wt.% result in monomodal CSD; however the mixed batch at 
1.00wt.% resulted in a bimodal distribution.  When two sets of individually functionalised seeds are 
added to the solution, it is predicted that the like functions will agglomerate in the solution to 
reduce the overall surface tension of the agglomerate.  However when Janus seeds are added, the 
seeds will arrange to face oppositely charged surfaces within the agglomerate.  The electrostatic 
field surrounding an agglomerate of one charge will differ to that surrounding a Janus agglomerate, 
which may effectively be neutral as the charges cancel out.  The charge surrounding the mixed batch 
agglomerated seeds in the solution will affect the rate of growth of the paracetamol crystals, which 
may be why the CSDs from the mixed batches are not as uniform or consistently monodispersed as 
those from the Janus seeded batches. 
6.6.4 The Metastable Zone Width 
It is observed that increasing the seed load of the Janus functionalised seeds from 0.50wt.% (Figure 
157) to 1.00wt.% (Figure 158) more control is exerted by the seeds on the solution concentration 
profile.  The solution profiles remain longer within the MSZW (of the unseeded control batch) in the 
presence of the 1.00wt.% Janus seeds, apart from the amine-methyl (NH2-CH3) Janus seeds which do 
not exhibit increased solution control at 1.00wt.%.  The improved solution control can be observed 
most clearly with the hydroxyl-methyl (OH-CH3) Janus functionalised seeds (light blue points).  These 
same Janus seeds lead to a lower mean crystal size and a narrower CSD when the seed load is 
increased from 0.50wt.% to 1.00wt.% (Figure 156).  Indeed it is shown that with the prolonged 
solution concentration in the MSZW, higher control is exerted over the nucleation and crystal 
growth of paracetamol in the presence of the OH-CH3 Janus seeds.   These seeds provide a strongly 
negative surface charge side due to the hydroxyl function, and a mildly negative or near neutral side 
due to the methyl function.  The hydroxyl function of the seeds would have facilitated hydrogen 
bonding with the paracetamol molecules, whereas the methyl functionality would have exerted a 
degree of control over the crystal growth due to orientation of the water molecules.   
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Figure 157: The solution solubility of paracetamol in the presence of 0.50wt.% of 250nm Janus functionalised seeds 
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Figure 158: The solution solubility of paracetamol in the presence of 1.00wt.% of 250nm Janus functionalised seeds 
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It is recalled here that water molecules are dipolar, and in the vicinity of a negatively charged 
surface, the water molecules will align with the opposite charge next to the surface.  As a result the 
negative part of the water molecule, the oxygen atom, will face away from the surface of the methyl 
side of the Janus functionalised seed; yet the next oncoming water molecules will align with the 
positive hydrogen atoms towards the oxygen atom.  The orientation and arrangement of the water 
molecules decreases at increasing distances away from the surface of the seeds in the hydration 
layer.  This orientation and arrangement of the solvent molecules, a structural component of surface 
forces (Starov et al., 2007), is higher for the OH-CH3 Janus seeds than the OH-F Janus seeds, due to 
the higher surface charge density, as shown by the zeta potential comparisons in Figure 26.  
Furthermore, as reported by Tripp and co-workers (1993), the coupling of a fluoro containing silane 
to the surface of silica results in a significant decrease in the surface energy.  Thus the fluoro 
containing Janus seeds show profiles with rapid entry into the labile zone, as the clusters are 
repelled by the low surface energy into homogeneous nucleation.   
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6.6.5 The Crystal Morphology 
250nm F-CH3 
0.50wt.% Janus 
 
 
(a) 
   
250nm OH-CH3 
0.50wt.% Janus 
 
 
(b) 
  
250nm OH-NH2 
0.50wt.% Janus 
 
 
(c) 
   
250nm OH-F 
0.50wt.% Janus 
 
 
(d) 
  
250nm NH2-CH3 
0.50wt.% Janus 
 
 
(e) 
  
Figure 159: The effect of the 250nm Janus seeds on the morphology of paracetamol at 0.50wt.% seed load 
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250nm F-CH3 
1.00wt.% Janus 
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250nm OH-CH3 
1.00wt.% Janus 
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250nm OH-NH2 
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250nm OH-F 
1.00wt.% Janus 
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250nm NH2-CH3 
1.00wt.% Janus 
 
 
(e) 
  
Figure 160: The effect of the 250nm Janus seeds on the morphology of paracetamol at 1.00wt.% seed load 
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As seen in Figure 159 and in Figure 160, there is a clear effect of the Janus functionalised seeds on 
the crystal morphology of paracetamol.  Both the primary crystal shape and the secondary crystal 
agglomerates are affected by the Janus seeds. The batches will be discussed according to the seed 
Janus functionality and load. 
The use of the F-CH3 Janus seeds at 0.50wt.%, (a) in Figure 159, shows the effect of the methyl group 
through an apparent decrease in the agglomeration of the paracetamol crystals.  On increasing the 
seed load to 1.00wt.%, (a) in Figure 160, the dominance of the fluoro functionality occurs, and show 
evidence of consolidated primary crystals forming agglomerates. 
Use of the OH-CH3 Janus seeds at 0.50wt.%, (b) in Figure 159, shows evidence of consolidated 
primary platey crystals.  This agglomeration is attributed to the hydroxyl function as reported earlier 
with the silica standards which facilitates the formation of liquid bridges between the crystals.  On 
increasing the seed load to 1.00wt.%, (b) in Figure 160, the OH-CH3 Janus seeds show a slight 
decrease in the size of the secondary agglomerate size.  The reduced secondary crystal size is 
attributed to the increased presence of the methyl function which would inhibit the formation of 
liquid bridges between the crystals.  These crystals show evidence of roundening, which may arise 
from the collision of the primary large crystals within the solution. 
The OH-F Janus seeds at both 0.50wt.%, (d) in Figure 159, and 1.00wt.%, (d) in Figure 160, show 
evidence of agglomeration.  This is potentially exacerbated by both the hydroxyl and the fluoro 
functionalities.  Both the hydroxyl and fluoro functionalities are highly electrostatic groups, which 
facilitate the formation of liquid bridges across the crystals.  
The use of the NH2-CH3 seeds at 0.50wt.%, (e) in Figure 159, appears to have effected pores into the 
primary crystals, despite their block platey shape.  The secondary consolidates do not appear as 
compacted as with other Janus seeded batches.  When a higher seed load of 1.00wt.% is used, see 
(e) in Figure 160, the consolidates reduce, and the presence of pores in the primary crystals remains 
evident and worse than with the other Janus functionalised seeded batches.  At both seed loads the 
mean crystal size is higher than that with other Janus functionalised seeds, despite little significant 
change in the CSD.  The presence of the large primary crystals at both seed loads supports the higher 
mean crystal sizes characterised.  The large mean crystal sizes resulted from an early entry into the 
labile zone according to the solution profiles, leading to uncontrolled nucleation occurring.  Despite 
uncontrolled nucleation occurring, solution consumption by the growing crystals may have been 
controlled by the functions on the Janus seeds.  Hydrogen bonds with the paracetamol solute are 
possible with the amine function of the seeds.  The overall low surface charge of the seeds of -10mv, 
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would have facilitated the ease of adsorption of the seeds onto the crystal surface.  Despite the 
overall negative surface charge, the methyl functionality of the seeds would have inhibited the 
formation of liquid bridges across crystals, due to its hydrophobicity.  This effect is observed most 
evidently at the seed load of 1.00wt.%,see micrograph (e) in Figure 160, because the higher seed 
load effected higher adsorption of the NH2-CH3 seeds, and thus fewer liquid bridges were created 
across the crystals.  Again the crystals from the NH2-CH3 seeded batches at both 0.50wt.% and 
1.00wt.% show evidence of primary crystal roundening, which is assumed to have arisen from the 
collisions of the large primary crystals (Budz et al., 1987). 
Again X-ray powder diffraction was employed to determine if the dual chemistry nature of the seeds 
was able to influence the molecular arrangement of the paracetamol molecules such that form II, 
the orthorhombic polymorph, was crystallised. 
 
Figure 161: XRD pattern of the Janus functionalised seeds at 0.50wt.% load 
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Figure 162: XRD pattern of the Janus functionalised seeds at 1.00wt.% load 
None of the X-ray diffraction patterns indicate that only polymorph II, the orthorhombic form, to be 
present in its pure form in the product crystal batches.  Potentially both the monoclinic and 
orthorhombic form were present in some of the seeded batches, for example in the OH-NH2, and 
NH2-CH3 at 1.00wt.%.  The diffraction patterns do show evidence of the effects of particle size and 
grinding however.  The crystal particle size is an important aspect in the preparation for XRD.  As the 
secondary crystals are mostly in an agglomerated form they require milling to reduce the secondary 
crystal size to reduce the effects of crystal statistics (Denker et al., 2008) .  Crystal statistics occur 
with crystals of a particle size that is significantly larger than the wavelength, causing incorrectly 
measured diffraction intensities to arise.  The diffraction intensities thus do not accurately mirror 
those of the intensities in standard tables such as the Cambridge Crystallographic Database (CCD).  
Crystal statistics can also affect the shape of the peaks, such that the peaks have jagged outlines, as 
in the case of the NH2-CH3 and F-CH3 at 1.00wt.%.  For polymorphs of paracetamol where Form I and 
Form II diffraction peaks occur very closely together, the effects of crystal statistics can thus reduce 
discernment in the presence of mixed batches of both polymorphs, as is the case for the above 
shown diffraction patterns.   
For diffraction peaks that have a lower intensity than that indicated by the CCD references, it may be 
that they are the result of too much particle size reduction via grinding.  As stated in the method 
section, the samples are weighed and then ground using a mortar and pestle briefly before 
characterisation is undertaken.  For some batches the case may be that the grinding procedure was 
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too severe.  The reduced intensity effects as a result of milling were reported by Denker et al. (2008) 
when using XRD to characterise Portland cement. 
6.6.6 The Crystallisation Induction Time 
 
Figure 163: The CIT of the Janus seeded batches at 0.50wt.% load. 
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Figure 164: The CIT of the Janus seeded batches at 1.00wt.% load. 
 
There is no significant effect on the crystallisation induction times by the Janus functionalised seeds 
at either seed loads.  As seen in Figure 163 and in Figure 164 the CIT of the seeded batches is similar 
to that of the unseeded control batch.  Despite the noise of the turbidity indicator, there is a steeper 
trend in the presence of the 1.00wt.% loads.  The steeper gradient could be attributed to a higher 
rate of crystal density increase in the presence of the 1.00wt.% loads, suggesting that crystal growth 
was faster in the presence of the higher seed loads.  This would corroborate with the suggestions by 
Beckmann (2000) and Kubota (2008), who proposed that the increase in the crystal number could be 
inferred from the gradient of the turbidity indications.  A steep curve thus indicates that both 
primary and secondary crystal growth parallel mechanisms have increased the turbidity of the 
solution quickly, potentially quicker than primary nucleation and crystal growth alone.  
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6.7 Summary 
It has been shown that the use of Janus seeds with dual functional groups which can interact via 
hydrogen bonding, van der Waals, and electrostatic interactions presents the possibility of improving 
the CSD of paracetamol.  Very narrow CSDs were obtained with hydroxyl-methyl (OH-CH3) Janus 
functionalised seeds at 1.00wt.%.  This same seeded batch shows evidence of solution concentration 
control until about 45˚C.  All the Janus seeded batches resulted in monodispersed CSD, which was 
not obtained with the mixed seeded batches shown in the earlier section.  It has been proposed that 
the agglomerates of the Janus functionalised seeds in the solution led to a near neutral charge 
across the opposite charged dual functionalised seeds.  As such nucleation was more probable to 
occur within the bulk of the solution than on the seeds. 
Interesting morphological effects such as increased elongation of the primary crystals, and the 
presence of pits were obtained with the methyl containing Janus seeds and the amine containing 
Janus seeds respectively.  Less rigid consolidates leading to agglomerates of paracetamol 
accompanied the use of the F-CH3 and the NH2-CH3 Janus seeds even at 0.50wt.%, which was not 
experienced with the monofunctionalised seeds discussed in the previous section.  It is proposed 
that the opposite charged sides of the Janus seeds are attracted to the electrostatic surface of the 
paracetamol crystals, where surface adsorption of the seeds leads to a form of growth control and 
agglomeration control. 
The interesting findings of the Janus functionalised seeds with a seed load of 1.00wt.% warrants 
further investigation at higher seed loading levels, especially with the OH-CH3 and OH-NH2 Janus 
seeds.  The Janus seeds permit deeper understanding into the effects of dual surface charges 
presented by the heterogeneous seeds.  
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7 The Use of Other Heterogeneous Seeds: Zinc Oxide and Titanium 
Dioxide 
7.1 Introduction 
Until now the heterogeneous seeds of interest have been silicon dioxide.  With the various physical 
and chemical alterations made to the silicon dioxide, the findings have been based on a central 
silicon dioxide core of the seed.  Therefore the effects presented have been affected by the Hamaker 
constant of silicon dioxide.  As such, to widen the investigation further, heterogeneous seeds with 
different Hamaker constants are addressed.  The Hamaker constant of two like bodies determines 
the seed van der Waals interactions.  The attractive van der Waals interactions are directly 
proportional to the seed radii and the Hamaker constant.  Because the Hamaker constant is a 
function of the electric polarisability of the material, e.g. SiO2, or ZnO, and the material density, use 
of two materials with larger Hamaker constants allows for a broader understanding of the impacts of 
heterogeneous seeds on batch product sizes.  These heterogeneous seeds are from synthesised zinc 
oxide and commercially manufactured titanium dioxide.  The details of the synthesis conditions for 
zinc oxide are in 3.1.6 Synthesis of Zinc Oxide Seeds. 
Heterogeneous seed Name  Heterogeneous seed Hamaker constant (x 10-20J) 
in water 
Silicon dioxide (SiO2) 0.46 
Zinc oxide (ZnO) 1.89 
Titanium dioxide (TiO2) 5.35 
Table 19: A comparison of the Hamaker constants of the heterogeneous seeds (Bergstroem, 2002) 
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7.2 The Seeded Batch Results 
7.2.1 Crystal Size Distribution 
 
Figure 165: The CSD of the three ZnO seeds at 0.50wt.% load 
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Figure 166: The CSD of the three zinc oxide seeds at 1.00wt.% load.  All three seeds lead to monodispersed batches at 
this loading level 
 
Figure 167: The CSD of the zinc oxide seeds at 1.50wt.% load.  Here the spherical seeds show the greatest control at 
reducing the mean crystal size, at the expense of a broadening distribution 
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Figure 168: A comparison of the mean crystal sizes of the three zinc oxide seeds at the three seed loads.  The polar 
crystalline seeds lead to an increase with the increase in the seed load. The opposite effect is true for the spherical seeds 
 
Constant control over the crystal size distribution by the zinc oxide seeds can be observed in Figure 
165, Figure 166 and in Figure 167.  At seed loads of 0.50wt.% and 1.00wt.% monodispersed CSD 
irrespective of the seed morphology are obtained.  Yet at 1.50wt.% a reduced mean crystal size from 
the spherical seeded batch is obtained, at the expense of the monodispersity.  The polar crystalline 
seeds resulted an overall increase in the mean crystal size of the paracetamol batches.  This can be 
most vividly seen in Figure 168.  The platey hexagonal ZnO seeds with their higher relative 
morphological importance of the two polar faces (0001) and (000Ī) result in a linear increase in the 
mean crystal size with the increase in the seed loading level.  The converse is true for the amorphous 
spherical seeds.  It is proposed that the polarity of the ZnO seeds has a direct correlation with the 
mean crystal size of the product batches: the higher the prominance of the polar faces in the 
solution, the larger the mean crystal sizes of the paracetamol crystals. 
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7.2.2 The Metastable Zone Width 
The effect of the zinc oxide seed polarity may be responsible for the widening of the MSZW of 
paracetamol.  Figure 169 shows the differences in the solution concentration of paracetamol in the 
presence of the polar seeds.  The highly polar platey hexagonal morphology seeds (green) show 
great divergence from the nucleation curve, indicating a rapid entry into the labile zone, similar to 
the profile of the unseeded batches.  The high polarity of the (0001) and (000Ī) faces may have 
exerted significant electrostatic repulsion towards the paracetamol solute, such that little surface 
adsorption was possible.  Thus nucleation occurred in isolated homogeneous pockets of the solution.  
However at the higher seed loading level of 1.50wt.%, the increased load may have provided a 
sufficient surface area on which adsorption of the paracetamol solute could occur.  The columnar 
hexagonal ZnO seeds at 0.50wt.% and 1.00wt.% show potential control over the solution 
concentration until approximately 45˚C, as the profiles followed the nucleation curve.  The lower 
polarity of the columnar seeds may have facilitated increased adsorption of the solute onto the 
surface of the seeds, thus reducing the rate of crystal growth.  These suggestions can be conferred 
with the effects on the product morphology.   
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Figure 169: The solution solubility of paracetamol in the presence of the zinc oxide seeds at 0.50wt.% and 1.50wt.% seed 
loads 
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7.2.3 The Crystal Morphology 
Spherical ZnO seed load  
0.50wt.% 
 
1.00wt.% 
 
1.50wt.% 
 
Figure 170:  The morphologies of paracetamol in the presence of the spherical ZnO seeds at three seed loading levels. 
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Platy hexagonal ZnO seed load  
0.50wt.% 
 
1.00wt.% 
 
1.50wt.% 
 
Figure 171: The morphologies of paracetamol in the presence of the platy hexagonal ZnO seeds at three seed loading 
levels.  Traces of the ZnO seeds can be observed at 1.00wt.% and 1.50wt.% loads in clusters between crystals. 
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Columnar hexagonal seed 
load 
 
0.50wt.% 
 
1.00wt.% 
 
1.50wt.% 
 
Figure 172: The morphology of paracetamol in the presence of the columnar hexagonal seeds in the range of 0.50wt.% 
to 1.50wt.% 
 
As seen in the images in Figure 170 to Figure 172 in the presence of the ZnO seeds lead to varying 
effects on the paracetamol morphology.  Each of the ZnO seeds are larger than the paracetamol 
lattice dimensions, as such the seeds are unlikely to be incorporated into the growing lattice.  Loose 
consolidates were produced by the spherical seeds at 1.00wt.% (Figure 170), however increasing the 
seed load to 1.50wt.% proved to be detrimental, and resulted in a mixture of platey and fibrous 
paracetamol crystals.  The results indicate that increasing the loading level of the amorphous ZnO 
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seeds beyond 1.00wt.% reduces the uniformity of the crystals, despite a reduction in the mean 
crystal size.   
The increase in the seed loads of the polar plate and columnar crystalline seeds led to larger primary 
crystal sizes as seen in Figure 171 and in Figure 172.  Both the platey and columnar hexagonal seeds 
at 1.50wt.% lead to larger primary crystals.  This is considered to be due to the polarity of the 
crystalline ZnO seeds.  When the O-ZnO surface interacts with water, a very stable hydroxylated 
surface is formed due to the exposed oxygen terminated surface.  The HO-ZnO surface leads to a 
small dipole moment of the OH- groups.  Water molecules in the vicinity of the dipole moment 
rearrange to reduce the surface tension at the interface, thus providing a stable low surface energy 
on which the clusters could form. 
 
Figure 173: X-ray diffraction patterns of the ZnO seeded batches at 0.50wt.% load 
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Figure 174: X-ray diffraction patterns of the ZnO seeded batches at 1.00wt.% load 
 
As seen in Figure 173 and in Figure 174 the X-ray diffraction patterns show that at both 0.50wt.% 
and 1.00wt.% seed load only Form I of paracetamol is present.  As shown earlier with the silicon 
dioxide seeds, the presence of the ZnO seeds as heterogeneous seeds does not lead to the growth of 
the metastable form, Form II.  At 1.00wt.% the diffraction peaks for the columnar hexagonal ZnO 
seeds can be observed at 2θ=36˚, supporting the suggestion that the seeds adsorb onto the  crystals. 
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7.2.4 The Crystallisation Induction Time 
 
Figure 175: The CIT of the ZnO seeded batches at 0.50wt.% load 
 
Figure 176: The CIT of the ZnO seeded batches at 1.00wt.% load.  
There is no significant difference in the crystallisation induction times of the ZnO seeded batches, 
with respect to the seed morphology.  What is observed is the difference in the rate of crystal 
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number density with respect to the polarity of the seeds.  The highly polar platy hexagonal ZnO 
seeds show in Figure 175 a rapid increase in the turbidity of the solution, which is related to the 
crystal number density.  It is proposed that the electrostatic repulsion of the polar seeds led to zones 
or islands of high electrostatic repulsion towards the paracetamol solute molecules.  As the solute 
molecules were repelled from the polar ZnO seeds, the crystal growth rate increased.  This 
supposition can be supported by the solution concentration decrease between 40˚C and 50˚C, and 
the increase in the primary crystal size of the seeded batches.  The increase in the crystal number 
density is observed to increase with the columnar hexagonal seeds and the spherical seeds at 
1.00wt.%; potentially at this higher seed load, the polarity of the seeds encouraged the growth rate 
of the paracetamol crystals. 
The sharp rise in the turbidity of the solutions around 100mins is due to the addition of the seeds to 
the vessel. 
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7.3 The Seeded Batch Results: TiO2 
7.3.1 Crystal Size Distribution 
 
Figure 177: The CSD of the product batches when seeded with 0.50wt.%, 1.00wt.% and 1.50wt.% TiO2.   
The crystal size distribution of the product batches shows distinct evidence of the effects of TiO2 as 
the heterogeneous seed with respect to seed load. The lowest seed load of 0.50wt.% resulted in the 
narrowest CSD, yet the highest mean crystal size.  An increase in the seed loading level to 1.50wt.% 
resulted in a reduction in the mean crystal size at the expense of the CSD.  At the highest seed 
loading level of 1.50wt.%, the mean crystal size is that of the primary mode of the unseeded control 
batch, or the primary crystal size, 95µm.  The achievement of 95µm as the mean crystal size with 
TiO2, supports the suggestion that use of different heterogeneous seeds with differing physical and 
chemical characteristics can narrow the size distribution of paracetamol.  This is because a 
combination of the high Hamaker constant, the polarity of TiO2, and the limited surface 
hydroxylation amongst other characteristics were beneficial in reducing the mean crystal size.  A 
high Hamaker constant of 5.35 x 10-25 J means that the TiO2 seeds exerted strong van der Waals 
attractive forces between the bodies.  The TiO2 high polarisability thus induced a dipole in the water 
molecules and potentially affected the growth of the paracetamol crystals, perhaps inducing 
temporary dipole moments in the crystal.  The limited surface hydroxylation which is attributed to 
the rutile content in the seeds may have facilitated surface adsorption of the paracetamol solute 
molecules. 
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7.3.2 The Metastable Zone Width 
With increasing seed loads of the hydrophobic TiO2, the metastable zone width was increased 
(Figure 178).  At a low seeding level of 0.50wt.%, the solution profile remained close to the solubility 
curve until 40˚C.  These findings indicate that in the presence of low quantities or seeding levels of 
the hydrophobic heterogeneous seed, control over the operating profile is possible.  The solution 
profile at 0.50wt.% supports the findings on the CSD, which show that the lower seed loads result in 
narrower CSD.  It is considered that the lower electronegativity of the TiO2 seeds (Eisch, 1967) 
exerted a limited “sphere” of electrostatic repulsion, which permitted increased mobility of the 
paracetamol solute molecules than in comparison to the SiO2 or ZnO seeds.  Similar to the proposal 
by Gray and Bonnecaze (2001) for mixtures of particles with different surface charge, “islands” of 
TiO2 may have formed in “seas” of paracetamol solute molecules.  
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Figure 178: The solution solubility of paracetamol in the presence of the titanium dioxide seeds at increasing seed loads 
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7.3.3 The Crystal Morphology 
TiO2 0.50wt.% 
 
 
(a) 
  
TiO2 1.00wt.% 
 
 
 
(b) 
  
TiO2 1.50wt.% 
 
 
 
(c) 
  
Figure 179: The crystal morphologies of the product batches in the presence of increasing seed loads of TiO2 
 
Both the primary crystal habit and the secondary morphology of paracetamol were changed in the 
presence of the titanium dioxide seeds.  At both 0.50wt.%, micrographs (a), and 1.00wt.%, 
micrographs (b) in Figure 179, the primary crystals exhibited an elongation of the crystals due to 
greater morphological significance of the (001) facet.  The slight increase in the seed load to 
1.50wt.% resulted in a more equant crystal morphology, see micrographs (c), similar to the 
unseeded control batches but with fewer consolidates.   
The surface topography of the crystals reveals smooth surfaces at 0.50wt.%, micrographs (a) in 
Figure 179, and 1.00wt.% loads, micrographs (b) in Figure 179.  Such smoothness may be attributed 
to the titanium dioxide seeds.  Any changes in the habit modification are, according to Klug (in 
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Veintemillas-Verdaguer, 1996), as a result of the type, the number, the strength and the lability of 
the chemical bonds that form between the metal oxide seeds and the crystal.  The ionic radius of 
titanium (Ti4+) is in the range of 64-68pm (Krestov, 1990), which is high in comparison to the 
approximate ionic radius of silica (39-41pm).  However, importantly titanium exhibits a lower 
electronegativity than silicon (1.32 to 1.74 respectively (Eisch, 1967)), which would be characterised 
through a high bond polarity in the metal oxide.  The highly polar titanium dioxide seeds may have 
exerted sufficient electrostatic repulsion towards the paracetamol molecules such that they were 
rapidly incorporated into the least hydrophilic (1Ī0) growing crystal face (Ålander and Rasmuson, 
2007), resulting in a macroscopically smooth surface.  Potentially the surface free energy of the 
paracetamol crystals was reduced in the presence of the titanium dioxide seeds; this may have been 
actualised through the adsorption of the seeds onto the surface of the crystals.  The higher the TiO2 
seed load, the higher the adsorption on the crystal surfaces.  Furthermore titanium dioxide seeds are 
largely hydrophobic, and thus inhibited the formation of liquid bridges.  Liquid bridges are known to 
be responsible for the agglomeration of product crystals such as paracetamol (Ålander and 
Rasmuson, 2005).  However intergrowth remains a problem in the presence of the TiO2 seeds at 
0.50wt.% and 1.00wt.% loads, see micrographs (a) and (b) in Figure 179. 
 
Figure 180: The X-ray diffraction patterns of the 0.50wt.% and 1.00wt.% TiO2 seeded batches 
 
Due to the high aspect ratios of the seeded batches at 0.50wt.% and 1.00wt.%, XRD was employed 
to confirm the crystalline forms of the paracetamol batches.  As can be seen in Figure 180, only Form 
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I of paracetamol, the monoclinic form was obtained despite the columnar-like morphology of the 
crystals.  These findings support the proposal that the morphology of the crystals can be successfully 
altered with the heterogeneous seeds without the risk of polymorphic change. 
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7.4 Summary on the Use of Other Heterogeneous Seeds: ZnO and TiO2 
These results have shown that the use of different heterogeneous seeds with higher Hamaker 
constants and densities can also be used to enhance the size and shape characteristics of 
paracetamol.  Zinc oxide, with its highly hydrophilic surface and yet polar faces, showed evidence of 
mean crystal size reduction with the amorphous, spherical seeds at 1.50wt.%.  Titanium dioxide, 
with its high polarisability and even higher Hamaker constant, showed evidence of crystal size 
reduction at 1.50wt.% load.  Neither of the heterogeneous seeds required higher seed loads than 
1.50wt.% to show significant reduction in the mean crystal sizes.  Such effects on the crystal sizes are 
attributed to the higher polarisability of the two seeds, and the higher seed densities. 
Despite zinc oxide showing significant effects on the mean crystal size, there was little reflection in 
the MSZW.  Titanium dioxide however showed solution control at low seed loading levels of 
0.50wt.%, again this is attributed to the lower electronegativity of the hydrophobic TiO2 seeds in 
comparison to the SiO2 or ZnO seeds.  It is considered that the lower electronegativity TiO2 seeds 
exerted a limited “sphere” of electrostatic repulsion, which permitted suitable mobility of the 
paracetamol solute to form stable clusters.  Increasing the load of the TiO2 seeds to 1.00wt.% and 
1.50wt.% only increased the strength of the electrostatic repulsion within the solution, which led to 
the solution concentration entering the labile zone, where potentially homogeneous nucleation 
occurred. 
The use of all three ZnO seeds for morphological enhancements of paracetamol proved to be 
inconclusive.  Mixtures of fines and irregular primary crystals were obtained, irrespective of the seed 
shape.  The high polarity of the (000Ī) and (0001) faces of the ZnO seeds in addition to the ease of 
hydroxylation of the surface are thought to be responsible for the agglomeration of paracetamol.  
The absence of strongly polar facets on the hydrophobic TiO2 seeds is attributed to the low 
agglomeration of the primary crystals.  The hydrophobicity of the adsorbed seeds being inhibitors to 
the formation of crystalline bridges between the paracetamol crystals.  However, intergrowth of 
elongated crystals was observed with the TiO2 seeded batches.  Potentially, a balance between seed 
polarity and seed hydrophobicity is necessary for uniform product crystals with little agglomeration.   
Only monoclinic paracetamol was obtained in the presence of the ZnO and TiO2 seeds, supporting 
earlier suggestions that the heterogeneous seeds present little risk of altering the polymorphic form 
of paracetamol. 
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8 Conclusions and Future work 
The main focus of this thesis is to investigate the effects of heterogeneous seed properties on the 
product crystal batch characteristics, in particular the product size and shape characteristics.   
The overall aim is to understand the role of the heterogeneous seed properties in order to optimise 
seeded batch crystallisation unit operations for the production of APIs.  To optimise the 
crystallisation process, key product crystal characteristics were identified; the engineered 
heterogeneous seeds enabled various optimal product size and shape characteristics to be achieved 
through control of the metastable zone width and control of crystal growth. 
Firstly a procedure was designed to effectively synthesise silica nanoseeds with tuneable diameters, 
surface areas and pore characteristics based on the Stöber protocol.  Purchased silica standards 
enabled a comparison to be made with the synthesised seeds, based on the size and topographical 
properties.  The seed physical characteristics were confirmed using particle sizing using dynamic light 
scattering, nitrogen sorption, and electron microscopy.  The synthesised silica seeds were confirmed 
as possessing higher surface areas with tuned pore shapes. 
Surface chemistry functionalisation of the silica standards using silanisation was conducted. The 
surface functionalisation allowed for amine, methyl and fluoro end groups to be attached to the 
silica seeds.  The first two functional groups were chosen to reflect two of the end groups of the 
model compound paracetamol, and the fluoro functional end group was chosen due to the 
dissimilarity with the model compound.  Surface functionalisation was characterised and confirmed 
using FTIR spectroscopy, nitrogen sorption for surface area analysis, zeta potential and contact angle 
measurements. 
Surface chemistry functionalisation was developed further to prepare Janus seeds.  The Janus seeds 
were prepared according to the Pickering emulsion method using the functionalised silica standards.  
The Janus seeds were functionalised according to hydrophilic-hydrophobic, positively-negatively 
charged sides.  Zeta potential, FTIR spectroscopy, dynamic light scattering and nitrogen sorption 
techniques were employed to characterise the Janus seeds successfully. 
Finally zinc oxide and titanium dioxide were used to consider the effects of heterogeneous seeds 
with larger Hamaker constants than silica.  The zinc oxide seeds were synthesised in three different 
morphologies; spherical, plate hexagonal and columnar hexagonal. The same characterisation 
techniques employed for the Janus seeds were employed in the characterisation of the zinc oxide 
synthesised and titanium dioxide purchased seeds. 
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These heterogeneous seeds with their various physical and chemical characteristics were used to 
study the effects and enhance the product size and shape characteristics of paracetamol.   The main 
findings are as follows: 
The impacts on the Crystal Size Distribution 
All the purchased silica standards result in monodispersed CSDs.  However there is no significant 
finding that indicates that the smaller the silica standard diameter e.g. 7nm or 14nm the lower the 
mean crystal size. A mean crystal size of 12634 µm was obtained for all of the silica standards at 
0.50wt.%, in comparison to a mean crystal size of 44231µm with the unseeded control batch, that 
resulted in a bimodal size distribution. 
The Stöber synthesised mesoporous seeds, with a pore diameter in the range of 2-50nm, were 
shown to increase the mean crystal size and CSD due to effectively increasing the elongation of the 
primary crystals.  Microporous synthesised silica seeds, with a pore diameter less than 2nm are 
shown to lead to an effective reduction in the mean crystal size in comparison to unseeded batches 
to 1068µm at 1.00wt.%.  Progressive reductions in the mean crystal size are shown to result from 
increased seed loading levels of the microporous seeds from 0.25wt.% to 1.00wt.%.  It is postulated 
that the shallow pore body on the microporous seeds act as catalytic active sites, on which 
temporary hydrogen bonds are formed with the pre-critical nuclei.  A reduction in the CSD with 
increasing seed loading levels is not found for the mesoporous seeds, which contradicts previous 
assumptions on the seed surface area. 
Both the hydrophilic and hydrophobic functionalised silica seeds, irrespective of the primary seed 
size, have resulted in monodispersed CSDs, with a reduction in the mean crystal size in comparison 
to the unseeded control batch mean crystal size; for example the 250nm functionalised seeds 
resulted in an average CSD of 12416µm (excluding methyl) at 0.50wt.%, yet the 250nm methyl 
functionalised seeds resulted in a CSD of 24833µm at 0.50wt.%.  Furthermore, limits to the seed 
load of 1.00wt.% have been highlighted with the methyl functionalised seeds; increasing the methyl 
functionalised seed load to this level results in an increase in the CSD.  The increase in the product 
crystal size distribution is attributed to an increase in elongation of the primary crystal size.  A 
limitation to the seed size is also demonstrated with the 1µm fluoro functionalised seeds; use of 
these seeds results in larger mean crystal sizes close to 200µm in comparison to the 250nm and 
500nm seed sizes and functionalities which produce mean crystal sizes just over 100µm.  It is 
proposed that the effects of the seed functionality on the CSD are due to competing adsorption and 
electrostatic repulsion by the seeds. 
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These findings have indicated that the use of different heterogeneous seeds with higher Hamaker 
constants and densities can also be used to enhance the size characteristics of paracetamol.  Zinc 
oxide, with its highly hydrophilic surface and yet polar faces, showed evidence of great mean crystal 
size reduction with the amorphous, spherical seeds at 1.50wt.%.  Titanium dioxide, with its high 
polarisability and even higher Hamaker constant than SiO2 of 5.35x10
-20J, showed evidence of crystal 
size reduction at 1.50wt.% load to 945µm.  Neither the ZnO nor the TiO2 heterogeneous seeds 
required higher seed loads than 1.50wt.% to show significant reduction in the mean crystal sizes to 
less than 100µm.  Such effects on the crystal sizes are attributed to the higher polarisability of the 
two seeds in comparison to silicon dioxide with its Hamaker constant of 0.46x10-20J. 
The impacts on the Crystal Morphology 
Agglomeration of the product crystals was identified to be significant seeding with the purchased 
silica standards.  Exacerbated agglomeration has been explained based on the enhanced liquid 
bridge formation due to the adsorbed silica standards. 
It was shown that the synthesised silica seeds with mesopores enable successful alterations in the 
primary crystal morphology of paracetamol.  The successful shape alterations have been explained 
showing that the size and the shape of the pores are important factors in effectively temporarily 
trapping the small and growing crystals.  Growth restrictions parallel to the pore width are 
demonstrated as the source of crystal shape control.  In support of these postulations, micropores 
with shallow pore bodies are shown to have no controlling effect on the crystal shape.  However it is 
also shown that on addition of mesoporous seeds with a high pore volume of 1.22cm3, a maximum 
seed loading level for uniform seed morphology arises around 0.50wt.%.  Beyond this seed loading 
level of the high pore volume mesoporous seeds, effects including spherulicity and significant 
agglomeration on the crystal morphology can be observed.  It is proposed that very high pore 
volumes in high loading levels can lead to entrapment of the growing crystals.  Despite the narrow 
pore necks in the synthesised mesoporous silica seeds, none were advantageous enough to lead to 
the pure Orthorhombic form of paracetamol to form.  These heterogeneous seeds were unable to 
lead to the formation of the Orthorhombic form of the model compound; the XRD results show that 
the pure product batches of the crystalline product of Form II were unattainable. 
The methyl functionalised seeds were shown to exhibit significant morphological changes to the 
primary crystal shape of paracetamol.  Elongated or prismatic crystal morphologies were obtained in 
the presence of the methyl functionalised seeds.  It is believed that such effects on the crystal 
morphology are due to the similarities of the methyl functional group on the paracetamol molecule 
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and on the heterogeneous seeds.  Although the methyl facet is an internal facet, it is postulated that 
the similarity in the functions of the seed and the molecules resulted in crystal elongation.  Similar 
effects were demonstrated with methyl containing Janus seeds.  Similarly, potentially due to the 
hydrophobicity of the seed, the TiO2 seeds also led to an elongation of the primary crystals, with 
intergrowth at 0.50wt.% and 1.00wt.%. 
The presence of crystal pits were observed in product batches from amine functionalised seeds 
including Janus seeds.  It is uncertain for the formation of these pits.  Looser consolidates were 
achieved through the use of F-CH3 Janus seeds and NH2-CH3 Janus seeds even at 0.50wt.% loads. 
The impacts on the Metastable Zone Width 
A metastable zone width of 9.17˚C at 70g/L for paracetamol under control conditions, was found to 
decrease to 3.75˚C at 20g/L.  The heterogeneous seeds which permitted for the solution profile to 
trend within the approximately 10˚C zone width at starting temperatures of 68˚C, were deemed as 
beneficial to controlling nucleation.  The Stöber synthesised mesoporous silica seeds enabled 
successful control over the solution supersaturation such that the solution profile remained within 
the MSZW of the unseeded control batch.  It was inferred that the presence of pore necks leading to 
a pore body enables for local supersaturation maxima in the pore bodies.  Furthermore it was 
suggested that pre-critical nuclei are temporarily entrapped within the body of the pores due to 
hydrogen bonds with the surface silanols.  It was proposed that capillary condensation occurs within 
the mesopore body, which is not possible in micropore bodies.  In support of these suggestions, it 
has been demonstrated that the microporous silica seeds do not successfully facilitate control over 
the solution concentration to within the MSZW. 
The impact on the Crystallisation Induction Time 
All, if not most heterogeneously seeded batches resulted in crystal induction times of approximately 
100mins into the process, similar to the unseeded control batches.  Due to the lack of clear 
differences between the seeds and the CIT in comparison to the unseeded control batches, it is 
considered that the turbidity indications reflected macroscopic crystal growth to 0.50µm rather than 
the onset of formation of a cluster. Unfortunately the use of a turbidity indicator to determine the 
effects of the heterogeneous seeds on the crystallisation induction time did not lead to definitive 
findings for the relation between seed characteristics and the crystallisation induction time.  
Turbidity indications are too coarse a process analytical technique to provide qualitative evidence 
that the heterogeneous seeds reduce the induction time.   
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8.1 Scope for Future Work 
 Heterogeneous seed selection for polymorphic screening 
The increase in the aspect ratio of paracetamol in the presence of methyl functionalised seeds has 
highlighted the potentials for polymorphic screening of APIs.  A selection of similar functional groups 
to reflect those on a metastable API, reflecting the work of Clydesdale et al. (1994b) with tailored 
additives, and Boukerche et al. (2010) indicates the possibilities with suitable sized and 
functionalised heterogeneous seeds for batch crystallisation.  
 Mechanical properties of the heterogeneously seeded batch product 
The mechanical properties of the batch products are also often a specification requirement for the 
production of APIs.  Properties such as the hardness or compressibility could be investigated as the 
heterogeneous seeds may enhance certain characteristics of the crystals.  The heterogeneous amine 
Janus seeds, if further investigated with enhanced porosity, could provide both size and mechanical 
enhancements.  Compaction tests with and without the heterogeneous seeds would enable these 
properties to be investigated. 
 The occlusion of solvent and the heterogeneous seeds into the crystal product 
The external adsorption of the heterogeneous seeds presents many questions concerning the 
internal locations of the seeds.  It has been shown that the presence of soluble additives affects the 
occlusion of the solvent into crystals (Chow et al., 1984).  Clarification of the location of the seeds 
and the solvent occlusion could be investigated using Karl Fisher titrimetry.  This technique would 
allow for the water content in the crystals to be determined.  The same principle could be applied to 
reveal the effect of the heterogeneous seeds on the water content of paracetamol or another API. 
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